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Summary 
 
The need to improve existing concepts and/or investigate new fundamental characteristics of 
transport in porous media has long generated interest among the scientific community. The reasons 
for this interest lie in the broad applicability of these concepts for many engineering applications 
and not only. This Ph.D. project attempts to advance the current knowledge of advective              
and dispersive transport in granular porous media.  
Physical media properties largely influence the transport and thus, a proper choice of medium, 
may ensure the achievement of specific objectives. Studies available in literature have often 
highlighted the influence of individual media properties on transport, neglecting therefore the 
effects generated from mutual linkage between properties. The objective of this study is to provide a 
better knowledge of the multi-linkage between transport and porous media physical properties. 
Analyses are performed using multiple granular materials mimicking single and dual porosity 
media, isotropic and anisotropic media, and media with different particle surface roughness and 
particle shape.  
Pressure loss defines the resistance to fluid flow through porous media, and therefore represents 
an important physical property of the media. Two of the studies are devoted to investigate gas and 
water pressure loss in porous media. A new model concept for estimating gas pressure loss as a 
function of medium physical properties was proposed. In addition, an expression linking pressure 
loss for gas and water transport in coarse granular filter media, simply based on knowledge about 
the particle size distribution and particle shape for the medium in question, was presented. 
Among the mechanisms governing transport in porous media, dispersion is one of the most 
important. In this work 4 different studies investigated gas and solute dispersion as related to porous 
medium properties. A simple model for estimating solute dispersivity from gas dispersivity was 
presented. In addition, an approach for predicting solute dispersivity using particle size distribution 
and particle shape, which reduces time consumption for solute measurements, was developed. 
Analysis of solute dispersion at low pore velocity yielded expressions for predicting solute 
dispersion as a function of medium properties in this velocity range. Finally, the link between 
dispersion, porous medium tortuosity, anisotropy ratio and media characteristics was examined.
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Dansk resumé 
 
Behovet for at forbedre eksisterende koncepter og/eller undersøge nye grundlæggende 
karakteristika ved transport i porøse medier har længe skabt interesse blandt forskere. Årsagerne til 
interessen ligger i den brede anvendelighed af denne viden i forbindelse med mange tekniske 
applikationer. Dette Ph.D. projekt forsøger at forbedre det nuværende kendskab til advektiv           
og dispersiv transport i granulære porøse medier. 
Porøse mediers fysiske egenskaber har i meget høj grad indflydelse på transport og dermed valg 
af medie til opfyldelse af specifikke formål. De foreliggende undersøgelser i litteraturen har ofte 
fremhævet indflydelse af mediers individuelle karakteristika på transport, og har derfor til dels 
forsømt at undersøge de gensidige kombinations effekter genereret af flere egenskaber på en gang. 
Formålet med denne undersøgelse er derfor at give et bedre kendskab til disse effekter. Analyserne 
udføres ved på forskellige enkelt og dobbelt porøse materialer, isotrope og anisotrope materialer,  
og materialer med forskellig partikel overfladeruhed og partikel form. 
Tryktab definerer modstanden mod strømning gennem porøse medier, og er derfor en vigtig 
fysisk egenskab. To undersøgelser er afsat til at undersøge gas og vand tryktab i porøse medier.     
Et ny modelkoncept for estimering gastryktabet som en funktion af forskellige fysiske egenskaber 
er foreslået. Desuden er der udviklet et udtryk som forbinder tryktab for gas og vand transport i 
grovkornedet filter medier, baseret udelukkende på viden om partikelstørrelsesfordeling og partikel 
form. 
Blandt de mekanismer, der styrer transport i porøse medier, er dispersion en af de vigtigste.        
I dette arbejde er der via 4 forskellige studier udført undersøgelser af dispersion af gas og opløste 
stoffer og deres afhængighed af de porøse mediers egenskaber. En simpel model til estimering af 
dispersivitet for opløste stoffer ud fra gas dispersivitet blev præsenteret. Endvidere blev der udviklet 
en fremgangsmåde til at forudsige opløste stoffers dispersivitet ud fra partikelstørrelsesfordeling og 
partikelform, hvilket kan reducere tidsforbruget til målinger. Analysen af opløste stoffers dispersion 
ved lave pore hastigheder resulterede i et udtryk til at forudsige opløste stoffers dispersionen som 
funktion af mediets fysiske egenskaber i dette hastighedsområde. Endelig blev sammenhængen 
mellem dispersion, snoethed, anisotropi og partikelorientering undersøgt. 
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1. Introduction 
 
1.1 Overview 
Transport of gaseous and dissolved compounds in granular porous media occurs in a large 
number of important applications, such as methane emissions from wetlands and landfills to the 
atmosphere, oxygen and carbon dioxide movement in passively aerated compost windrows,      
VOC contaminations, transport and removal of gaseous contaminants in filters for air cleaning, 
radon and volatile organic contaminant transport into buildings (Paper VI), removal of unwanted 
suspended materials, salt water intrusion into fresh water bodies, movement of minerals in soil, 
sequestration of CO2 in saline aquifers, depletion of oil and gas reservoirs, and tracer use                
in petroleum engineering (Dullien, 1992; Brenner and Edwards, 1993; Sahimi, 1995). 
Understanding and quantifying the fundamental mechanisms of transport is therefore of utmost 
importance and essential for developing models able to analyse and optimize these processes. 
Porous media typically exhibit a wide range in pore size due to variations in grain size,    
particle shape, particle orientation, and surface roughness. All these properties largely affect 
transport, and therefore, expressions must consider the physical characteristics of the particles 
which constitute the media (Bradford et al., 2002). For example both gas and solute dispersion 
generally increase with porous medium particle size range, anisotropy ratio, and pore system 
tortuosity as confirmed by several earlier studies, such as Delgado (2006), Gidda et al. (2006), 
Bromly et al. (2007), Poulsen et al. (2008), and Sharma and Poulsen (2010a) (Paper III).       
Effects of particle shape on dispersion have also been investigated, showing increasing particle 
sphericity with decreasing dispersion (Delgado, 2006). Differences of the diffusion coefficients and 
air permeability were noticed by Osozowa (1998), investigating four different textured soils. 
Results showed that diffusion is controlled by the air-filled pore space and pore network tortuosity, 
while the differences in terms of air permeability are caused by the soil pore size distribution       
and the continuity of large-pore networks. Hamamoto et al. (2009) investigated the effects of 
average particle size on the diffusion coefficient and on air permeability for six sandy soils under 
variable saturated conditions. Results showed that particle size markedly affects the effective 
diameter of the drained pores active in leading gas through the sample. For variable saturated 
conditions the same authors observed higher values of diffusion coefficient and of the air 
permeability, due to the rapid gas diffusion and advection through the less tortuous                   
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large-pore network. Among the numerous studies investigating the hydraulic conductivity function, 
van Genuchten (1980) introduced a closed-form equation which considers the pore-size distribution 
of a soil. Arya et al. (1999) presented a model to compute the hydraulic conductivity directly from 
the particle size distribution of a soil. Results showed that the model parameters reflect the effect   
of pore size, shape, packing density and pore tortuosity. Moreover, in biofiltration by choosing a 
proper porous medium it is possible to increase active microbial biomass (De Oliveira et al., 2009) 
and contaminant removal capacity (Sakuma et al., 2006) and to reduce the energy consumption 
associated with the air flow resistance (Malhautier et al., 2005; Gadal-Mawart et al., 2010)     
(Paper I).  
Studies of transport in coarse granular porous media during past decades have mostly been 
carried out using artificial media, such as glass and plastic spheres, Raschig rings,                        
lead shot, porous pellets, and in general particles having simple spherical, cylindrical,                                
cubic and parallelepiped shapes (Brusseau, 1993; Popovicova and Brusseau, 1997; Delgado, 2006). 
Thus, knowledge about transport in natural coarse porous media is somewhat limited.  
 
1.2 Objectives 
The overall objective of this work is to develop and verify expressions for estimating gas and 
solute transport parameters. The focal point of the full project is represented by the physical 
characteristics of the media involved in the studies, such as particle size distribution, particle shape, 
internal porosity and isotropy/anisotropy. Therefore, the investigation aims to link the media 
properties to the fundamental mechanisms governing the flow. At present, little is the knowledge 
available in literature, and a consistent effort is needed in this direction.  
The objectives in details are: 
- to link pressure loss to particle size and shape in isotropic media (Paper I, Paper II); 
- to relate dispersion to particle size and shape in isotropic media (Paper III, Paper IV, 
Paper V); 
- to describe pressure loss and dispersion in anisotropic media (Paper VI). 
Chapter 2 contains an overview of the principal mechanisms controlling gas and liquid transport 
in porous media. To provide the reader with a brief and clear insight of the problem, the most 
commonly used equations are presented. The following chapter 3 outlines the research strategies, 
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and particularly the choice of the granular materials. Experimental procedures and results,            
for each of the six first-authored studies belonging to this thesis, are illustrated in details from 
chapter 4 to chapter 9. Chapter 10 contains the concluding remarks and a short discussion              
of the practical implications of these studies, while providing recommendation for further research.  
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2. Mechanisms controlling gas and liquid transport in porous 
media 
 
An important issue in environmental science is to understand how chemical and biological 
substances are transported in porous media. Transport of dissolved or gaseous compounds in porous 
media is generally governed by three mechanisms: (1) advection caused by fluid pressure gradient 
within the medium, (2) molecular diffusion caused by concentration gradients, (3) mechanical 
dispersion caused by spatial variations in the fluid velocity and transport distances at the pore scale.  
 
2.1 Advection 
The term advection refers to the transport of a substance due to the fluid’s motion, from points 
of higher to points of lower pressure. Therefore, the driving force is represented by the total 
pressure gradient, while resistance is caused by viscosity of the liquid and the permeability of the 
medium. The resistance to the fluid’s motion is defined by the pressure loss. 
If advection represents the only mechanism affecting the liquid transport into a homogeneous 
media, the tracer front would move assuming a distinct and sharp concentration. For solutes, 
differences of the front can be generated by the presence of bacteria or by the presence of 
negatively charged ions. 
 
2.1.1 Pressure loss 
Pressure loss (ΔP), through porous media at low flow velocities, is generally described             
by Darcy’s law (1856), which in one dimension is expressed as: 
∆𝑃
𝐿
=
𝜇
𝑘
𝑉                       (1) 
where L is the distance (length of the sample) over which the pressure loss takes place [L], k is the 
permeability of the medium [L
2
], μ is the dynamic viscosity of the fluid [M L-1 T-1], and V is the 
superficial flow velocity [L T
-1
], also known as the Darcy velocity, expressed as: 
𝑉 =
𝑄
𝐴
                                  (2) 
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where Q is the volumetric flow [L
3
 T
-1
] and A is the medium cross-sectional area [L
2
], 
perpendicular to the flow direction. 
Equation (1) is only valid when inertial forces in the flow field are negligible (which is the case 
at low flow velocities). At higher flow velocities, when inertial forces are important, the relation 
between ΔP/L and V becomes non-linear and it is, in such cases, often described using the 
Forchheimer relationship (Forchheimer, 1901): 
∆𝑃
𝐿
=
𝜇
𝑘
𝑉 + 𝜌𝐶𝑓𝑉
2                     (3) 
where ρ is the density [M L-3] and Cf is a so-called form coefficient [L
-1
]. 
Equation (3) applies for 1 < Re < 100, where the flow is still laminar but inertial effects become 
increasingly important with increasing Re. Above Re = 100 (transition regime) Eq. (3)                
may be used to approximate the ΔP/L - V relationship although turbulent forces start appearing                 
(Trussell and Chang, 1999; Andreasen and Poulsen, 2013).  
Ergun (1952) introduced one of the most widely known and used Forchheimer-based equations, 
describing fluid flow in porous media. This semi-empirical equation is given as: 
∆𝑃
𝐿
= 𝐴
(1−𝜀𝑡𝑜𝑡)
2
𝜀𝑡𝑜𝑡
𝑝 𝐷𝑒𝑞
−2𝜇𝑉 + 𝐵
(1−𝜀𝑡𝑜𝑡)
𝜀𝑡𝑜𝑡
𝑝 𝐷𝑒𝑞
−1𝜌𝑉2                  (4) 
where A, B and p are empirical constants [-], Deq is an equivalent diameter [L] and εtot is the total 
porosity [m
3
 m
-3
] 
Ergun (1952) suggested universal values of the empirical constants A, B and p, valid for any 
fluid and porous medium and equal to 150, 1.75 and 3, respectively. The universal applicability of 
these values was tested later by Macdonald et al. (1979), on a large set of flow-pressure data,      
who found that the constants depended on particle shape. Values of A, B and p equal to 180, 1.8 
and 3.6 for smooth particles and 180, 4 and 3.6 for rough particles, were identified.          
Macdonald et al. (1979) used Deq for spherical particles as: 
𝐷𝑒𝑞 =
1
∑ 𝑌𝑖(6
𝑉𝑝,𝑖
𝐴𝑝,𝑖
)
−1
𝑖
                         (5) 
where Yi, Vp,i and Ap,i are the volumetric fraction, the particle fraction and the particle surface area 
of the i´th particle, respectively. As Eq. (5) is only valid for spherical particles, an alternative and 
universal expression for estimating Deq was considered (Macdonald et al., 1991):  
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𝐷𝑒𝑞 = (
𝑀2
𝑀1
)                                      (6) 
where M1 and M2 are the first and the second order moments of the particle size distribution         
[M L
2
 T
-2
]. 
Andreasen and Poulsen (2013) investigated gas ΔP/L - V relationships for a large set of coarse 
grained media with uniform particle size distributions originating from the same material (Leca
®
) 
using the Ergun (1952) equation. The authors observed that, in these media, ΔP/L was almost 
independent of air-filled porosity and therefore suggested that ΔP/L can be predicted as:  
∆𝑃
𝐿
= 𝐴𝐷𝑒𝑞
−2𝜇𝑉 + 𝐵𝐷𝑒𝑞
−1𝜌𝑉2                   (7) 
where Deq is expressed as: 
𝐷𝑒𝑞 =
2
1
𝐷𝑚
+
1
𝐷𝑚𝑖𝑛
                                (8) 
where Dm and Dmin are the mean and minimum particle diameter [L]. 
 
2.2 Mechanical dispersion 
Mechanical dispersion is caused by spatial variations in terms of velocities and distances in a 
medium. Faster flow characterizes shorter paths, larger pores and central passage of the molecules 
through the channels (less friction is involved). These differences generate mechanical dispersion,  
a mechanical mixing and dilution of the solute along the flow path. Particle surface roughness is   
an additional factor affecting dispersion. Increased surface roughness cause increased turbulence   
in a gas flow passing across the surface. This generates in turn greater mechanical mixing of         
the gas stream, which results in increased dispersion (Paper VI). Mixing occurring along             
the direction of the fluid flow is called longitudinal dispersion, while mixing taking place               
in a vertical place to the direction of the flow is termed transverse dispersion. 
For one-dimensional transport, the mechanical dispersion coefficient (Dmech) can be expressed 
as: 
𝐷𝑚𝑒𝑐ℎ = 𝑢𝛼                      (9) 
where  is the mechanical dispersivity in the mobile phase [L] and u is the pore velocity [L T-1], 
calculated as: 
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𝑢 = −
𝑉
𝜀𝑚
= −
𝑄
𝐴𝜀𝑚
                   (10) 
where εm is the mobile filled porosity [L
3
 L
-3
]. At very low gas flow velocities flow dispersion        
is negligible and the linear relation (Eq. (9)) does not hold (Delgado, 2006). 
Longitudinal dispersivity is generally assumed about 10 times larger than transverse 
dispersivity, due to the dominant velocity field in the direction of the flow. Delgado (2006) stated 
that for values of Reynolds number (Re) larger than 10, the dispersion coefficient in longitudinal 
direction is superior to the dispersion coefficient in radial direction by a factor of 5. For low values 
of Re (Re < 1), the two coefficients are approximately 0. Throughout this dissertation and              
all the papers carried out,  only refers to the longitudinal dispersivity.
The relationship between  and transport distance through the porous medium (scale) is often 
modeled using a power function type model, described as (Neuman, 1990; Schulze-Makuch, 2005): 
𝛼 = 𝐶𝐿𝑒                    (11) 
where C [L
(1-e)
] and e [-] are material specific constants. This means that if  at a given L, together 
with C and e for a given porous medium are known, values of  at any other L for that medium can 
be calculated. Schulze-Makuch (2005) indicated that C is on the order of 0.2 [L
(1-e)
] while e varies 
between 0.5 and 1. 
 
2.3 Molecular diffusion 
Diffusion of a solute occurs in response to a concentration gradient, which mainly depends on 
temperature, viscosity of the solute and size of the particles. In response to this gradient there is       
a gradual mixing of the solute, which ends when the diffusive equilibrium is reached.         
Diffusion is typically described by Fick’s law.  
The importance of diffusion as a controlling parameter for chemical mobilization and 
transformations, and the important interactions between diffusion-controlled and             
convection-controlled transport domains have been acknowledged for both gaseous and liquid 
transport (van Genuchten and Wierenga, 1986; Brusseau, 1991; Moldrup et al., 2001). 
Consequently, a considerable number of models, predicting gas and solute diffusion coefficients 
(Dmol), have been introduced in literature (Moldrup et al., 2000a; 2000b; Olesen et al., 2001). 
Differences on these models are based on sieved, repacked and undisturbed soils, and dry or   
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wetted soils (for gas models). Moldrup et al. (2001) found that Dmol in repacked and undisturbed 
soil only differs a little, and it is typically lower in undisturbed soil, probably because of local-scale 
zones with higher bulk density (ρb) or water content that hinders the diffusive gas flux.                 
For this reason Dmol is relatively easy and straight forward to obtain and can be corrected to account 
for soil tortuosity (. Additionally, gas diffusion is the only type of transport mechanism             
that occurs under isothermal and isobaric conditions making its identification, in different types     
of soil, less complicated to obtain from laboratory tests. 
 
2.4 Transport modeling in porous media  
Models presented in literature and used to describe transport in soil can be grouped in two main 
categories: (1) those based on an assumed or empirical distribution of pore water velocities and (2) 
those generated from a specific representation of the pore scale. The first group is the most widely 
used despite their parameters cannot be measured independently, as they often depend on the scale 
at which the experiments are carried out. Regarding solute transport, at present no attempts have 
been made to directly link the distribution of the pore velocity to the characteristics of the pore 
structure. Model parameters are in this case estimated inversely (Parker and van Genuchten, 1984), 
or inferred from the hydraulic conductivity/water content function (Scotter and Ross, 1994). Pore 
geometry models are instead not so widely used, despite the increasing level of attention they 
generated in recent publications (Perfect and Sukop, 2001). 
Gas and solute transport of a tracer through porous media is traditionally described by the 
advection dispersion equation (ADE), the most widely used velocity distribution model.               
For one-dimensional transport of a conservative tracer in a column containing a homogeneous 
porous medium, under assumption of uniform flow and dispersion, in the presence of both a mobile 
and a stagnant (immobile) phase, the ADE is given as: 
𝜕𝐶𝑚
𝜕𝑡
= 𝐷𝑡𝑜𝑡
𝜕2𝐶𝑚
𝜕𝑥2
+ 𝑢
𝜕𝐶𝑚
𝜕𝑥
+ 𝑘(𝐶𝑖𝑚 − 𝐶𝑚)                (12) 
where Cm and Cim are the tracer concentrations in the mobile and immobile fluid phases [M L
-3
], 
respectively. Dtot is the overall dispersion-diffusion coefficient (L
2 
T
-1
) which takes into account 
effects of Dmech, Dmol, and fluid mixing (Dmix) in the tubing leading the tracer from the point of 
introduction to the porous medium column, and from the column to the point of tracer breakthrough 
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detection (Poulsen et al., 2008). k is the tracer mass transfer coefficient [T-1] between the mobile 
and immobile phases, and x and t are the space [L] and time [T] variables, respectively. 
Limitations of the ADE are represented by its inability to predict the late-time enhancement     
of tracer arrivals, the need to introduce scale-dependent coefficients (for example hydrodynamic 
dispersion) and the inability to predict the enhancement of tracer arrivals at early times             
(Hunt et al., 2011). Already in 1995, Berkowitz and Scher discussed in their work the inadequacy of 
considering a time-dependent dispersivity in the conventional ADE context, stating that it leads to 
incorrect solutions. Berkowitz et al. (2000) observed that the Continuous Time Random Walk 
(CTRW) theory may allow analysis of transport in porous media subject to complex heterogeneities 
at large scale, which may not be amenable to analysis using the ADE. Cortis and Berkowitz (2004) 
examined dispersion of a passive tracer in fully and partially saturated porous columns,        
noticing anomalous early arrival times and late time tailing, which was explained by CTRW theory.      
These problems are partly investigated in Paper IV. 
 
2.5 Operation parameter – Reynolds number 
Reynolds number (dimensionless) (Re) measures the ratio between the inertial and the viscous 
forces for given flow conditions. For a porous medium it is defined as: 
𝑅𝑒 =
𝜌𝑉𝐷𝑚
𝜇
                    (13) 
Following the classification of Trussell and Chang (1999), in their review of flow through 
porous media, there are four regimes of flow. The first regime, named Darcy regime, is limited      
to Re below approximately 1. This region is characterized by laminar flow and there is no inertial 
contribution. The second regime, named Forchheimer regime, is also strictly steady laminar but     
as the regime progresses, inertial forces become increasingly important. The third regime represents 
a transition flow, from more or less full inertial conditions to full statistical turbulence,                   
and corresponds to a Re of approximately 100. At the lower end of this flow regime, turbulence      
is just beginning to appear in some of the cells of the porous media. At the upper end of this regime, 
turbulence is present in the bulk of those cells. Above this region is located the fourth region,  
which is characterized by full turbulence. 
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3. Research strategies  
 
3.1 Choice of the materials 
The Ph.D. study-focus is the effect of physical particle characteristics on transport in         
porous media, and particularly pressure loss and dispersion. A fairly large body of literature         
has been devoted to this issue, but the knowledge is generally limited to soils and, therefore,           
to small particle sizes. Moreover, investigations reproduced at lab scale are based on artificial media 
and the knowledge on natural media is somewhat limited.  
To fully investigate these aspects and fulfil the research strategies, care was taken in choosing 
the appropriate materials. The identification was based on the following aspects: 
- particle size as the applied media should have a particle size distribution which is easily 
reproducible with high accuracy, and which facilitates the packing that has to be done 
manually; 
- particle shape as the applied media should have a particle shape that is representative         
of natural media; 
- porosity as the applied media should represent a wide range of porous materials, which have 
a compact or an internal porous structure. 
Most of the studies (except Paper VI) were carried out using media constituted by           
distinct grains, also known as granular media.  
 
“Granular materials are ubiquitous in nature 
and are the second-most manipulated material in industry (the first one is water)” 
– Patrick Richard – 
 
Overall, the following materials were used: 
- crushed granite, characterized by an irregular and very angular particle shape,                   
and a compact internal structure; 
- gravel, constituted of rounded rock fragments with a compact internal structure; 
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- Light Expanded Clay Aggregates (Leca®), which has a spherical shape and exhibits            
an internal porous structure very much like soap foam; 
- pebbles, characterized by spherical shape and a compact structure;  
- slate chips, defined by parallelepiped shape and a compact structure; 
- wood chips (Pinus sylvestris) which represent dual porosity aggregates and have                 
an aggregate shape (parallelepiped) allowing for packing configurations with different 
tortuosity and anisotropy. 
An overview of the particles used in all the papers is given in Fig. 1. 
 
 
Figure 1. Selected particles utilized in all the studies. From left to right: crushed granite, gravel, 
Leca
®
, pebbles, wood and slate chip. 
 
3.1.1 Particle size 
A key aspect affecting transport in packed beds is the effect of the porous medium structure.    
In large particle size distributions, the small particles accumulate in the small interstices between 
the large particles, generating therefore lower porosity.  
 
“The grain size distribution of a soil 
determines the governing particle-level forces, 
inter-particle packing and the ensuing macroscale behaviour” 
– Santamaria and Cho – 
10 mm 
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Crusched granite, gravel and Leca
®
 were initially sieved into 6 particle size fractions with 
uniform particle size distributions. Each of these fractions was characterized by a particle size range 
(R) of 2 mm, in the range between 2 and 14 mm. Particle diameters (D) were 2 ≤ D < 4, 4 ≤ D < 6, 
6 ≤ D < 8, 8 ≤ D < 10, 10 ≤ D < 12, and 12 ≤ D < 14 mm corresponding to a Dm of 3, 5, 7, 9, 11, 
and 13 mm respectively. Additional fractions with R = 4 mm (Dm = 4, 6, 8, 10, 12 mm), R = 6 mm 
(Dm = 5, 7, 9, 11 mm), R = 8 mm (Dm = 6, 8, 10), R = 10 mm (Dm = 7, 9), and R = 12 mm (Dm = 8), 
with uniform particle distributions, were produced by combining appropriate quantities of the         
6 R = 2 mm fractions. Uniform particle size distributions were chosen to ensure well defined 
distributions across all 63 particle size fractions (21 for each material) (Paper I). 
 
 
Figure 2. Particle size range (R) and mean particle diameter (Dm) for the 21 particle size fractions 
used or partly used in all papers, except Paper VI. 
 
Rounded pebbles, slate and wood chips were screened, and all particles able to pass an 18 mm 
but retained by a 10 mm sieve (average overall particle diameter 14 mm) were selected for the 
experiments. This specific particle size range was selected as a trade-off between facilitating ease  
of packing, which had to be done manually, one particle at a time, and having a particle size that 
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would still mimic relevant natural and man-made systems such as aggregated soils, weathered or 
fractured rock, various biofilters and building materials. 
 
3.1.2 Particle shape 
Particle shape influences many physical properties of porous materials such as void ratio, 
internal friction angle, and air permeability (Rouse et al., 2008; Paper I).  
Particle shape irregularities are established at 3 different scales:  
- the global form (sphericity rather than ellipticity or platiness); 
- the scale of major surface features (roundness versus angularity); 
- the scale of surface roughness (smoothness in opposition to roughness). 
Sphericity is quantified as the diameter ratio between the largest inscribed and the small 
circumscribing sphere (Fig. 3). Roundness is defined as the average radius of curvature of surface 
relative to the radius of the maximum sphere that can be inscribed in the particle. Both properties 
can be estimated by visual comparison, using charts (Barrett, 1980). On the contrary,  
measurements of roughness are cumbersome. In fact the fractal nature of rough surfaces implies 
lack of characteristic scale (Santamarina and Cho, 2004).  
In this work particle shape was taken into account by estimating roundness of the particles, 
following two very widely applied approaches: Pentland (1927) and Wadell (1935).                    
This procedure was carried out only for crushed granite, gravel and Leca
®
.   
Pentland (1927) defined the roundness as: 
𝜑𝑝 =
𝜔
𝜔𝑝
                                          (14) 
where p denotes the total degree of roundness [-] based on Pentland (1927) which cannot be 
greater than 1,  is the cross-sectional or projection area of the grain [L2] and p is the area of the 
circle having the largest diameter of the grain [L
2
]. The orientation of the particles was not definite. 
Wadell (1935) defined the roundness as: 
𝜑𝑤 =
𝑁
∑ (
ℛ
𝑟𝑁
)𝑁
                               (15) 
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where w denotes the total degree of roundness [-] based on Wadell (1935), N is the number           
of corners in the given plane of the particle, ℛ the radius of the largest inscribed circle [L] and rN 
the radius of the inscribed circle [L] of the N
th
 corner of the particle in the plane.  
For the evaluation of p and w, 30 particles were randomly selected from each of the three 
materials (5 particles for each of the 6 R = 2 mm fractions). For all granite and gravel, particle 
projections of particle shape onto a flat surface were carried out in three perpendicular planes.     
For Leca
®
 projections were only carried out in one plane as particle shape was observed to be very 
similar in all planes. Values of  and p, and consequently p (Eq. (14)) were subsequently 
determined from the projections. Values of ℛ and rN, and consequently w (Eq. (15)), were 
determined by selecting the two sharpest corners of each projection (N = 2), and analysed using a 
circle scale (concentric circle protractor, Fig. 4) as proposed by Wadell (1935). Average values of 
p and w were then calculated for each material across the 6 R = 2 mm particle size fractions. 
 
 
Figure 3. The circumscribed and inscribed circles of the smallest and largest cross-sectional area, 
for (a) crushed granite, (b) gravel, and (c) Leca
®
.  
(a) (b) (c) 
4 mm 
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Figure 4. Reproduction not in scale of Wadell’s concentric circle protractor, with circle-scale of 2 
mm (Riley, 1941). 
 
3.1.3 Particle orientation 
Particle orientation assumes fundamental importance in the evaluation of anisotropy,              
and not only. Examples of anisotropic media are wood and soils, and also layered minerals such as 
slate. Being most of the porous materials anisotropic, particle orientation emerges as a significant 
parameter which needs a proper characterization. Therefore, part of our attention in this work         
is devoted to investigate the relationship between transport and particle orientation.  
Coutelieris (2002) investigated the effect of geometry and axial orientation of spheroidal 
particles on the adsorption rate in a granular porous medium. The author found that the oblate 
geometry offers significant advantage for capturing the diluted mass compared with the prolate one, 
even in strongly convective environments. Baenninger et al. (2006) introduced a model which was 
able to use cross-sectional images of scattering media and to describe the effect of particle 
orientation. 
Effects of particle orientation were analysed using only rounded pebbles, slate and wood chips 
(Paper VI). For slate and wood chips three separate columns were packed each with a different 
particle orientation. The columns were packed with the L1, L2 or L3 dimensions being oriented 
vertically (in the direction of flow), while the other two particle dimensions were oriented randomly 
in the horizontal plane. Thus, the anisotropy tensor of the materials in each of the three columns 
 17 
  
was two dimensional. The particle orientations were labelled A (particle dimension L1 being 
vertical), B (dimension L2 being vertical), and C (dimension L3 being vertical). All columns were 
packed by manually placing each single particle, one at a time, with the correct spatial orientation. 
Three additional columns were packed using pebbles, slate and wood chips, respectively, with the 
particles randomly oriented in all three spatial dimensions (labelled D). These columns therefore 
contained isotropic media. For columns with particle orientation D, particles were not packed one at 
a time but instead poured into the column to achieve random orientation of particles in all spatial 
directions. All columns were packed taking care to achieve homogeneous packing and to reduce 
differences in ρb between particle orientations A, B, C, and D for each material as much as possible. 
An illustration of two selected particle orientations, for slate and wood chips, is given in Fig. 5. 
 
 
Figure 5. Illustration of (a) slate chips, orientation B and (b) wood chips, orientation A. 
 
 
 
 
 
(a) (b) 
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4. Gas pressure loss as related to coarse granular media 
particle size and particle shape  
 
4.1 Experimental procedure 
Measurements in Paper I were performed by packing each of the 21 particle size fractions for 
each of the three materials (crushed granite, gravel and Leca
®
) into a clear acrylic column of 100 
cm in length and 14 cm inner diameter. This column size was chosen in order to avoid effects of 
preferential flow along the column walls, which may occur if column diameter is too small, 
compared to the average particle diameter. Great care was taken to achieve a uniform packing 
(especially along the length of the column), to reduce variations in ρb. Measurements of ΔP were 
carried out for each of the 63 particle size fractions following the approach of Pugliese et al. 
(Paper VI). Columns were fitted with a polyethylene lid and sealed with a rubber O-ring at the 
bottom. A stainless steel mesh with 2-mm openings and 1-mm thickness was installed to maintain a 
distance of 10 mm between the lid and the porous medium. The top of the column was kept open to 
the atmosphere while the bottom was connected to a supply of compressed atmospheric air via a 
valve and a precision ball flow meter (model P450; Porter Instruments). Soft Teflon tubing with an 
inner diameter of 4 mm was used to connect system components. Corresponding values of ΔP and 
V across the columns were measured for V = 0.005, 0.010, 0.016, 0.021, 0.032, 0.043, 0.054, 0.065 
m s
-1
, equal to Q = 5, 10, 15, 20, 30, 40, 50 and 60 l min
−1
 respectively. The relatively wide Q-range 
was chosen to get more reliable determination of the ΔP - V relationships for the different media. 
An Alnor AXD 560 digital manometer (Alnor, Ontario Canada), connected to the bottom and the 
top of the column, was used to measure ΔP. Measured ΔP values were corrected for the pressure 
drop across the empty column with the metal mesh in place. All experiments were carried out        
in duplicate.  
 
4.2 Results 
Measured ΔP/L - V relationships, for all materials and particle size investigated, follow a second 
order polynomial, thus, being consisted with Eq. (3). ΔP/L generally decreased with increasing 
average particle size with the 2-4 mm fractions having the highest ΔP, and the 12-14 mm fractions 
the lowest. This is a direct consequence of increasing pore size for the more coarse grained 
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materials. For identical particle size fractions, crushed granite generally yielded the highest ΔP/L 
while Leca
®
 yielded the lowest values of ΔP/L, despite the fact that granite has a higher external 
(active) air-filled porosity compared to Leca
®
 (Fig. 6). In fact for the three materials considered     
in this study, ΔP/L was inversely correlated with active air-filled porosity in contrast to Eq. (4).  
 
 
Figure 6. Selected values of ΔP/L as a function of V for the 2-4 mm particle size fraction, for the 
three materials (crushed granite, gravel and Leca
®
) investigated in this study. 
 
This supports the findings of Andreasen and Poulsen (2013) who observed that ΔP/L was 
independent of active air-filled porosity across a wide range of Leca
®
 particle size fractions.    
These authors, therefore, suggested to base models for predicting ΔP/L in coarse grained (2-18 mm) 
granular materials on D rather than air-filled porosity. This is likely because active porosity in fine 
grained materials (< 2 mm), for which Eq. (4) was originally developed, has a very different 
structure due to instance cracks and formation of aggregates compared to coarse grained materials 
such as those investigated here. Gravel exhibited intermediate ΔP/L compared to Leca® and crushed 
granite. The results for granite and gravel ΔP/L were 1.24 and 1.19 times larger than those for the 
Leca
®
 on average across all particle size fractions, respectively. In general the relative differences  
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in ΔP/L between the three materials were most prominent for the fractions containing smaller 
particles. 
The principal difference between the three materials considered in this study is their particle 
shape (as characterized by roundness). Therefore, the deviations in ΔP/L between the three 
materials likely result from the differences in , which was determined using Pentland (Eq. (14)) 
and Wadell (Eq. (15)) approaches. Flow in materials consisting of rounded particles (Leca
®
) should 
be expected to be more laminar and less subject to inertial forces than flow in materials consisting 
of more angular (less spherical) particles such as crushed granite. In Paper VI was observed that,  
in two materials with identical particle size distributions but different particle shapes (pebbles with 
high roundness and slate chips with low roundness),  diminished with decreasing particle 
roundness. This behaviour was, therefore, attributed to the difference in particle shape.                    
It was further observed an inverse linear proportionality between  and ΔP/L under otherwise 
identical conditions. Thus, ΔP/L was observed to increase with decreasing particle roundness 
supporting that the differences in ΔP/L, observed between the three materials used here,            
stems from differences in particle shape.   
The model (Eq. (7)), suggested by Andreasen and Poulsen (2013) for predicting the ΔP/L - V 
relationships in materials with uniform particle size distributions (developed only for 36 Leca
®
 
particle size fractions) was tested against the ΔP/L - V values measured in this study, for all three 
materials (1008 data points). The test was performed by fitting Eq. (7) to the measured data using 
the model constants A and B as fitting parameters. The relative deviation between measured and 
fitted ΔP/L values as a function of the measured ΔP/L is upward concave such that the model tends 
to over predict at low and high values of ΔP/L, and under predict at intermediate ΔP/L.            
Figure 7 shows this behaviour for the 2-4 mm particle size fraction and for all three materials.  
This behaviour was actually not seen only for the three data sets as a whole but also for the 
individual particle size fractions of each material, and tended to be most prominent for particle size 
fractions containing mainly small or large particles. The reason is that the model (Eq. (7)) is not 
able to fully capture the non-linear relationship between ΔP/L and V for the materials.                   
As the curvature of the modeled ΔP/L - V relationship by Eq. (7) is not only controlled by the 
empirical constants, A and B, but also by the value of Deq, it is likely that a more optimal choice of 
expression for Deq may improve model results. 
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Andreasen and Poulsen (2013) proposed that Deq may be predicted as the harmonic mean of 
Dmin and Dm present in each particle size fraction (as given by Eq. (8)), thus Dmin and Dm               
are weighted equally in the prediction of Deq. 
 
 
Figure 7. Calculated (Eq. (7)) versus measured ΔP/L - V values, for the 2-4 mm particle size 
fraction and for all materials (crushed granite, gravel and Leca
®
) investigated in this study. 
 
Earlier studies, however, have suggested that the characteristics of granular materials might be 
predicted using the particle diameters corresponding to the 10% and 60% fractiles of the particle 
size distribution, D10 and D60, respectively. These particle diameters will also be applicable to    
non-uniform particle size distributions, while this is not possible when using Eq. (8) as Dmin is often 
not known for non-uniform particle size distributions. Thus, the choice of Dmin and Dm 
(corresponding to D0 and D50) for predicting Deq is likely not the optimal choice. It is also         
well-known that for a given medium consisting of a mixture of particles of different diameters,    
the smaller particles have a larger impact on ΔP/L than large particles. Therefore, weighting the two 
diameters equally in the Deq prediction as done in Eq. (8) may not be the optimal approach.  
Therefore, a new expression for Deq, valid across different materials, was introduced: 
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𝐷𝑒𝑞 =
1
(
𝑎
𝐷10
+
1−𝑎
𝐷60
)
                                                 (16) 
where a is a weighting factor 0 < a < 1 and D10, D60 [L] are the particle diameters at which         
10% and 60% of the material mass consists of particles with a smaller diameter, respectively. 
Replacing Eq. (8) with Eq. (16) in Eq. (7) yields: 
∆𝑃
𝐿
= 𝐴(
1
𝑎
𝐷10
+
1−𝑎
𝐷60
)
−2
𝜇𝑉 + 𝐵 (
1
𝑎
𝐷10
+
1−𝑎
𝐷60
)
−1
𝜌𝑉2                                                  (17) 
Equation (17) was therefore fitted to the measured ΔP/L - V data for all three materials using A, 
B, and a as fitting parameters. Six different fitting approaches were tested: 1) values of A, B, and a 
were fitted individually for each of the three materials (a total of 9 fitting parameters), 2) A and B 
were fitted individually for each material while one common value of a across all three materials 
was used (7 fitting parameters), 3) A was fitted individually for each material while common values 
of B and a were used (5 fitting parameters), 4) B was fitted individually for each material while 
common values of A and a were used (5 fitting parameters), 5) a was fitted individually for each 
material while common values of A and B were used (5 fitting parameters), 6) Common values     
of A, B, and a were used (3 fitting parameters). Figure 8 shows predicted ΔP/L values using 
individual A, B, and a parameters for the different materials (Approach 1). 
 
 
Figure 8. Predicted (Eq. (17) with A, B and a fitted individually for each material) versus measured 
Log (ΔP/L) values, for (a) crushed granite, (b) gravel, and (c) Leca®. 
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The results indicate that all three parameters A, B and a are related to , but it is likely not the 
only controlling factor or it may be that  is not the optimal parameter for characterizing particle 
shape. The reason is that particles of different shapes may exhibit similar . It is also likely that 
particle characteristics such as surface roughness affects ΔP/L and thereby the values of A, B and a. 
Measurement of particle surface roughness on non-spherical particles remains a challenge due to 
the difficulty in distinguishing particle angularity and particle surface roughness as these two 
characteristics have similar impact on ΔP. 
The data, for the 6 different approaches, indicate that despite the differences in particle shape 
among the three materials investigated here, it is not necessary to use individual values of A, B, and 
a for each material in order to avoid significant loss of accuracy. The results further indicate that a 
value of a = approximately 0.7 together with either individually calibrated values of A for each 
material or individually calibrated values of B do not result in significant loss of accuracy.        
Thus, effects of particle shape can be included via either A or B. This means that Eq. (17) with        
2 + n empirical parameters appears sufficient to predict ΔP/L across different particle size fractions 
for n different materials with different particle shape, as long as the particle size distributions of the 
individual particle size fractions have the same shape. It is very likely that at least some of the 
empirical parameters A, B and a depend on the shape of the particle size distributions considered. 
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5. Linking gas and liquid pressure loss to particle size 
distribution and particle shape in granular filter materials  
 
5.1 Experimental procedure 
A total of 63 particle size fractions (21 for each material) were used in the analysis: crushed 
granite, gravel and Leca
®
. Air and water flow rates were selected to cover approximately the same 
range of Re (0 ≤ Re ≤ 125). All measured ΔP/L values were corrected for the empty column 
pressure loss (with the metal mesh in place).   
Gas measurements of ΔP/L - V (ΔPg/L - Vg), conducted using air, were taken from Paper I. 
Liquid measurements (ΔPl/L - Vl), conducted using water and the same set-up as the one utilized in 
Paper I, were carried out in duplicate and under constant head conditions. The bottom of each 
column was connected to a constant-head water tank, in turn connected to a water reservoir via a 
pump (model E BS 5000 PT11 230V, Flojet, Hoddesdon, UK). The flow through the column was 
controlled by changing the elevation of the constant head tank. Prior to measurements columns 
were saturated from the bottom over a period of 30 minutes to achieve equilibrium. Values of Vl 
were determined by collecting the effluent water from the column over a given period of time 
followed by weighing. Corresponding values of ΔPl/L were determined from the elevation of the 
water surface in the constant head tank. For each column one set of ΔPl/L - Vl data, covering 8 water 
flow rates, was collected. Columns were subsequently drained and repacked, and another set of 
ΔPl/L - Vl measurements was carried out. For Leca
®
, which has a very low ρb, a stainless steel mesh 
was also used at the top of the columns to prevent loss of material via the outlet. 
 
5.2 Results 
The ΔP/L - V and ΔP/L - Re relationships for both air and water flow all followed second order 
expressions, in agreement with Eq. (3). Selected ΔP/L - Re are shown in Fig. 9, for both air and 
water measurements. Values of Re range up to 60 and 125 for air and water measurements, 
respectively, covering the laminar (Re < 1), Forchheimer (1 ≤ Re < 100) and part of the transition 
(Re ≥ 100) flow regime (Trussell and Chang, 1999). 
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Figure 9. Selected ΔP/L values as a function of Re for air measurements belonging to the 2-4 mm 
particle size fraction (filled in data points) and for water measurements belonging to the 2-14 mm 
particle size fraction (empty data points). 
 
As expected, ΔP/L decreases with increasing particle size for fixed values of Re (or V) across all 
three materials. For both fluids there is a tendency that ΔP/L depends on the material type.           
For air flow, granite (the most angular material) generally exhibits the highest ΔP/L values for fixed 
Re and particle size distribution (fixed R and Dm). For water flow, however, Leca
®
 (the most 
rounded material) shows the highest values of ΔP/L although the tendency is much weaker than for 
the air flow data. The reason is likely that affects the flow field and thus ΔP/L.                   
Because the flow fields for air and water in the same medium are not identical (Schjonning, 1986; 
Riley and Ekeberg, 1989; Loll et al., 1999), particle shape does not affect the flow of the two fluids 
in the same manner, thus, the difference. That particle shape may affect fluid transport properties   
in porous media was documented by Pugliese et al. (Paper VI), who observed a dependency 
between fluid dispersion and , thus, supporting the findings.  
Individual values of Deq for each of the 63 particle size fractions for both air and water,        
were determined by fitting Eq. (7) to the measured data using common optimized values of A and B 
across all materials, particle size fractions and fluids. For all six combinations of fluid and material 
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(particle shape), Deq increases strongly with D10, and to some degree also with D60 - D10 although 
this relation is much weaker than with D10. This indicates that Deq mainly depends on the diameter 
of the smallest particles in each medium and much less on the total range of particle diameters 
present in each of the 63 particle size fractions used. For air flow Deq values range from 0.002 to 
0.016 m, while for water flow values range from 0.002 to 0.003 m. This is in agreement with earlier 
findings of Schjonning (1986), Riley and Ekeberg (1989), and Loll et al. (1999) and supports       
the earlier discussed suggestion that the flow fields of the two fluids are different even under 
otherwise identical conditions. In general the water Deq data exhibit more scatter, likely because 
ΔPl/L - Vl relationships are more difficult to measure accurately.  
Individual values of Deq,l were plotted against Deq,g, showing the same general trend.    
Therefore, an exponential expression was chosen to model the Deq,l - Deq,g relationship as: 
𝐷𝑒𝑞,𝑙 = 𝑏(1 − 𝑒
(−𝑐∗𝐷𝑒𝑞,𝑔))                             (18) 
where b [L] and c [L
-1
] are fitting parameters. As optimal values of b for all three materials were not 
significantly different, one common value of b but individual values of c for each of the three 
materials were used in the modeling. It is seen that the value of c is related to , such that the most 
rounded particles (Leca
®
) exhibit the lowest value of c. This again confirms that particle shape does 
have a marked influence on fluid flow through porous media. 
Overall, Eq. (18) is able to achieve a good fit to the data as illustrated in Fig. 10, showing values 
of Deq,l versus corresponding values of Deq,g. The data in Fig. 10 suggest that, if Deq,g for a given 
medium is known, it is possible to calculate the corresponding Deq,l using Eq. (18) and subsequently 
the  ΔPl/L - Vl  relationship using Eq. (7).  
The feasibility of predicting ΔPl/L - Vl from the ΔPg/L - Vg in the same medium was tested using 
six different approaches. All approaches are based on Eq. (7). However, different assumptions are 
made with respect to the estimation of parameters A, B, and Deq. Approach 1 (Fig. 11(a)) strongly 
under predicts ΔPl/L for almost all 63 media. There is a fair amount of scatter in the ΔPg/L data and 
the approach has a tendency to overestimate ΔPg/L for Leca
®
 and underestimate for gravel and 
granite. This clearly shows that this approach is not capable of taking effects of fluid and medium 
properties into account. Approach 2 (Fig. 11(b)) improves prediction of ΔPl/L somewhat, which 
result overestimated for the fine grained media but underestimated for the coarse grained media.  
For ΔPg/L the prediction accuracy is somewhat lower than for approach 1.   
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Figure 10. Fitted values of Deq,l and Deq,g based on Eq. (18), for crushed granite, gravel and Leca
®
. 
 
Approach 3 (Fig. 11(c)), based on individually fitted values of Deq for each medium and fluid 
combination, yields the best prediction accuracy for both ΔPg/L and ΔPl/L. To use this approach     
in practice, knowledge of Deq,g and Deq,l for the medium in question plus the two empirical constants 
A and B are required as compared to three empirical constants (A, B, and a) for approach 1 and 2. 
Figure 11(c), however, does show the importance of accurate Deq estimates for successful 
predictions of ΔPg/L and ΔPl/L. Values of A, B can be established based on measurements of    
ΔPg/L - Vg and/or ΔPl/L - Vl in a limited set of media with a given . Hereafter estimates of any           
ΔPg/L - Vg and ΔPl/L - Vl value in any other medium with the same particle shape can be evaluated 
based on a limited set of ΔPg/L - Vg and ΔPl/L – Vl measurements in the medium of interest. 
Approach 4 (Fig. 11(d)) decreases the prediction accuracy somewhat compared to approach 3        
as this approach only uses individually fitted values of Deq g together with 6 empirical constants     
(3 c values plus A, B and b). To use this approach in practice, knowledge of Deq,g as well as          
the empirical parameters A, B, b and c for the medium in question is required. Approach 5         
(Fig. 11(e)) yields prediction accuracies that are comparable to approach 4, despite ΔPg/L             
are somewhat higher than for approach 4. Larger values of ΔPl/L are slightly overestimated 
although still grouped relatively close together. Approach 5 only uses 7 fitting parameters             
(A, B, a, b and three c values). 
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Figure 11. Calculated (Eq. (7)) versus measured values of ΔP/L for air and water in all three 
materials (63 media), for (a) approach 1, (b) approach 2, (c) approach 3, (d) approach 4,            
(e) approach 5, and (f) approach 6. 
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Approach 6 (Fig. 11(f)) is equivalent to approach 5 but based on fitting using the root mean 
square error (RMSE) rather than the relative square error (RSE). The advantage of using RMSE     
in the fitting is that the larger values of ΔPl/L data are predicted more accurately (although            
the prediction of the small values is less accurate). For ΔPg/L approach 6 has a weak tendency              
to overestimate for Leca
®
 and underestimate for granite, indicating that Deq,g exhibits a weak 
dependency on the material properties (for example ). 
Altogether the data in Fig. 11 shows that it is possible to predict ΔPl/L from measured ΔPg/L 
data. The data also indicate that it may be possible to predict both ΔPg/L and ΔPl/L solely from the 
particle size distribution of the media although additional data are required to verify if this is viable. 
A dependency of the model constant c on the particle shape (but not the particle size distribution)  
of the media was also observed. In particular the fitted values of the c parameter for the three 
materials were inversely proportional to  as defined by either Pentland (Eq. (14)) or Wadell       
(Eq. (15)). Thus, it seems that may be a useful parameter in the estimation of c and Deq     
although additional data are needed to develop this further.  
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6. Gas-solute dispersivity ratio in granular porous media as 
related to particle size distribution and particle shape  
 
6.1 Experimental procedure 
The set-up dimensions for this study are identical to what was previously utilized in Paper I and 
Paper II. Measurements of Dtot were performed on three natural and commercially available media 
(crushed granite, gravel and Leca
®
). Different sets of flow rates were applied for both gas and solute 
dispersion experiments, in order to obtain comparable results for each fluid covering the same range 
of Re (0.004 ≤ Re ≤ 2.13). All experiments were carried out in duplicates. 
Gas dispersion measurements were performed on 21 different particle size fractions and carried 
out only for granite, following the approach of Poulsen et al. (2008). Values of Dtot for gas transport 
in gravel and Leca
®
 were taken from a previous study using an identical set-up and procedure 
(Sharma and Poulsen, 2010a). The inlet (at the bottom) end of each column was connected to an 
air/nitrogen supply via a three-way valve and a precision ball flow meter (model F150,             
Porter Instruments, Inc., Hatfield, PA) to control gas flow rate. The outlet lid was equipped with an 
oxygen sensor (KE-12 galvanic oxygen electrode, GS Yuasa Power Supply Ltd., Japan) with 5 
seconds response time for determination of effluent oxygen concentrations. Readings from the 
oxygen sensor (sampling every 5 seconds) were recorded by a data logger (CR-1000,         
Campbell Scientific, Logan, UT). Atmospheric air and nitrogen were used as tracer gases.         
After saturating the columns with atmospheric air (78% N2 and 21% O2), the flow was adjusted to 
the desired values. Once the effluent O2 concentration was stable, the inlet gas was switched to N2. 
Care was taken to make sure that gas flow remained constant during the switch. A constant flow    
of N2 was maintained until the effluent O2 concentration reached zero. After that, the gas supply 
was switched back to atmospheric air and the flow maintained until a stable O2 concentration was 
once again observed. Oxygen and nitrogen breakthrough curves (BTC’s) were measured at gas flow 
rates of 0.2, 0.5, 1.0, 1.5, 2.0 and 2.3 l min
-1
.  
Solute dispersion measurements were performed for all three media, but using only 9 out of 21 
particle size fractions for each material, as solute dispersion measurements are much more time 
consuming to carry out than gas dispersion measurements (about 12 times). Investigated particle 
size fractions are illustrated in Fig. 12.  
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Figure 12. Particle size range (R) and mean particle diameter (Dm) for the 21 particle size 
fractions. Black fully circles represent the particle size fractions for which water dispersion        
was investigated. 
 
The inlet (at the bottom) of the column was connected to a peristaltic pump (model PD 5101, 
Heidolf), while the outlet was connected to a measuring tube holding 12 ml of liquid, equipped with 
a TETRACON 325 conductometer. After saturating the columns with demineralized water,             
a NaCl solution of 5 g l
-1
 was injected continuously, at a specific flow rate. Effluent NaCl 
concentration was measured every 10 seconds. Experiments were carried out for all three materials 
at flow rates of 0.015, 0.05, 0.075, 0.1, 0.125, 0.15 l min
-1
, and terminated when in and outlet NaCl 
concentrations were identical. 
  
6.2 Results 
For all particle size fractions and materials, values of Dtot (= Dmol + Dmech + Dmix) increased with 
u. Values of Dtot for a selected fraction (8-14 mm) are shown in Fig. 13. On average, values of Dtot 
for gas transport were 20-30 times higher compared to solute transport for identical values of Re. 
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Figure 13. Calculated values of dispersion (Dtot) as a function of pore fluid velocity (u), for (a) gas 
and (b) solute measurements using the 8-14 mm fraction size fraction. 
 
For gas dispersion, the Dtot - u relationship follow a consistent linear trend for u > 5*10
-4
 m s
-1
. 
Below this velocity the trend is less clear as there is considerable scatter in the gas dispersion data. 
This could be because the contribution by Dmech becomes small compared to Dmol, making it 
difficult to get a consistent and accurate determination of Dmech. For solute dispersion,                   
the relationship between Dtot - u is also linear for u > 5*10
-5
 [m s
-1
]. Below this velocity,               
the measurements clearly show that the relationship does not follow the linear trend as the slope of 
the u - Dtot relationship approaches zero in this region. This may very well also be the case for     
gas dispersion, however, there is too much scatter in the data to assess if that is the case. The Dtot - u 
relationships for chloride measurements intercepts the Dtot-axis at a value close to zero, indicating 
that for the chloride transport Dmol is very small, which is in agreement with earlier literature.  
Values of  were determined as the slopes of the linear parts of the Dtot - u relationships.  was 
generally highest for Leca
®
, lower for gravel and lowest for granite, indicating therefore,             
that particle shape does have a strong influence on it. It is seen that  generally increases with 
increasing , again suggesting that particle shape is important in controlling gas and solute . 
Values of  for each of the three materials as a function of R and Dm are shown in Fig. 14,            
for both gas and solute dispersion.  
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Figure 14. Contour plots of dispersivity () as a function of particle size range (R) and particle 
diameter (Dm), for (a) g,granite, (b) s,granite, (c) g,gravel, (d) s,gravel, (e) g,Leca®,and (f) s,Leca®. 
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Increasing  values are obtained for increasing values of R, in all materials. This suggests that 
increasing R causes an increasing variability of the length of pathways through the pore network, 
which in turn causes increasing dispersion as also discussed by Sharma and Poulsen (2010a) and in 
Paper VI. The  - Dm relationship is somewhat more complex across the six combinations of 
material and fluid, and there is no clear trend. For most of the combinations,  tends to be 
somewhat larger for small values of Dm (for fixed values of R), although this trend is relatively 
weak. Overall, the results indicate that  is strongly related to the width of the particle size 
distribution of the medium and the shape of the particles, while the impact of Dm is somewhat     
less marked.  
Figure 15 shows the ratio between gas and solute dispersivity, g/s, as a function of R and Dm, 
for the three materials. In general, g/s tends to increase with increasing R and Dm, although the 
trends are relatively weak and there is considerable scatter in the data. The scatter is likely a result 
of the relatively few data points available. Overall, the ranges of g/s for the three materials are 
very similar and not significantly different on the 95% confidence level as tested using ANOVA. 
Thus, despite the strong dependency of both g and s on their ratio appears independent           
of particle roundness.   
As the ratio g/s depends on both R and Dm in a non-linear manner, it was chosen here            
to model this dependency using an empirical exponential relationship. Exponential functions are 
widely applied in science to describe a wide variety of relationships. The following empirical 
expression for modeling the dependency of g/s on R and Dm model was selected: 
𝛼𝑔
𝛼𝑠
= 𝐴(𝑒𝐵𝑅 + 𝑒𝐶𝐷𝑚)                                              (19) 
where A, B and C are empirical constants.  
Equation (19) was fitted to the g/s data for all three materials using 5 different approaches:   
1) values of A, B and C were fitted individually for each material, 2) a common value of A across 
all three materials and individual values of B and C for each material were fitted, 3) common values 
of A and C across all three materials and individual values of B for each material were fitted,         
4) common values of A and B across all three materials and individual values of C for each material 
were fitted, and 5) common values of A, B and C were fitted across all three materials.             
Fitted versus measured values of g/s using approach 1) are shown in Fig. 16.  
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Figure 15. Contour plots of dispersivity ratio (g/s) as a function of particle size range (R) and 
particle diameter (Dm), for (a) crushed granite, (b) gravel, and (c) Leca
®
. 
(a) 
(b) 
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Figure 16. Fitted (Eq. (19)) versus measured values of g/s using individual values of A, B, and C 
for each material investigated (approach 1). 
 
Fitting accuracy was quantified using the mean squared error (MSE). The MSE values are very 
similar for approaches 1 - 3, indicating that coefficients A and C are independent of the medium 
used. In contrast MSE increases by about 50% when using a common value of B indicating that this 
coefficient at least to some degree is medium dependent and, thus, different for each of three 
materials. Figure 16, however, indicates that most of the MSE is related to a limited number of 
measurements and that the fit in general is able to mimic the g/s - R - Dm relationship regardless 
of which of the 5 approaches that is used.  
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7. Relating non-equilibrium solute transport and porous 
media physical characteristics  
 
7.1 Experimental procedure 
Solute BTC’s (324) used in this study were measured in Paper III using three commercially 
available materials: crushed granite, gravel and Leca
®
. A total of 27 particle size fractions              
(9 for each material) were investigated. Acrylic columns of 100 cm length and 14 cm inner diameter 
were used to contain the selected media, which was carefully placed to reduce inhomogeneities in 
packing density. Polyethylene lids sealed using rubber O-rings were used at both ends, while soft 
Teflon tubing with an inner diameter of 4 mm was used to connect each component of the system. 
Measurements were carried out in duplicates and performed at different flow rates equal to       
0.015, 0.05, 0.075, 0.1, 0.125, 0.15 l min
-1
. More details are given in chapter 6 (Paper III).   
Measured BTC’s were fitted using a mobile-immobile model (MIM), which accounts for early 
arrival and tailing during fluid transport in porous media. A set of equations was used to describe 
the dual region system, one for the tracer concentration in the mobile region (Eq. (12)) and one for 
the tracer concentration in the immobile region. The presence of non-connected or poorly connected 
pores (εdead), which have no solute mass exchange with the rest of the pore system, was also 
quantified. Optimization of Dtot, εm, εdead and k was carried out using an explicit finite difference 
method, corrected for numerical dispersion. 
 
7.2 Results 
A measured BTC for Leca
®
, at a solute flow rate of 0.125 l min
-1
 and for the 2-14 mm particle 
size is shown in Fig. 17. Shown is also the best fit curve for the MIM.  
BTC’s for all three materials exhibit the typical sigmoid shape characterising this type of 
process. In all three cases some tailing is evident, with granite showing the least and Leca
®
 the most 
amount of tailing. The relatively little tailing exhibited by the granite data shows reduced solute 
exchange between the mobile and immobile phases, indicating a quasi-equilibrium condition 
between the two phases. Conversely, gravel and Leca
®
 exhibit more tailing and thus have larger 
immobile water contents. 
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Figure 17. Measured and fitted Leca
®
 solute concentration for the 2-14 mm particle size fraction, at 
a flow rate of 0.125 l min
-1
. 
 
Granite exhibits the lowest Dtot values, while gravel and Leca
®
 the intermediate and the highest, 
respectively. In general the Dmech - u relationships follow a power function, expressed as: 
𝐷𝑚𝑒𝑐ℎ = 𝑢𝛼
𝑚                    (20) 
where m is a dimensionless exponent. Best fit values of α and m for each particle size fraction were 
determined by fitting Eq. (20) to the Dtot - u data, minimizing the sum of the squared errors. Granite 
generally exhibits the highest values of m, while intermediate and lowest m-values are exhibited by 
gravel and Leca
®
, respectively. This behavior was observed for all particle size fractions. 
Similar relationships to Dtot - u was also observed between k and u. Leca
®
 generally shows the 
highest k-values, while granite shows the lowest. This indicates that the more spherical the particles 
the greater is the transfer of tracer mass between the mobile and the immobile phases. This was also 
the case for the remaining BTC’s and indicates that particle shape affects the flow field. Further 
analyses of the k - u data showed that k is also proportional to the mean diameter Dm, while particle 
size range, R, has a minimal effect on k. 
It is well known from literature that Dtot increases with R, and that tends to be greater with packs 
of non-spherical particles than with packs of spherical particles of the same size (De Carvalho and 
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Delgado, 2003). This was later confirmed by Sharma and Poulsen (2010a) and Pugliese et al. 
(Paper VI), who found out that increasing R causes an increasing variability of the length of 
pathways through the pore network, which in turn increases dispersion. Analysis on the same media 
used in this study (Paper III) also proved the previous findings. Moreover, a marked dependency 
of transport on particle shape, , was documented, although  was not directly related to . 
These observations suggest that in order to estimate  it may be advantageous to consider the 
contribution of each medium physical characteristic to  separately. It is therefore suggested to 
model  as a linear combination of contributions by the medium characteristics as: 
𝜂 = 𝑝1 ∗ 𝐷𝑚 + 𝑝2 ∗ 𝑅 + 𝑝3 ∗ 𝜑 + 𝑝4                             (21) 
where η represents the parameter to be predicted (in this case ), p1, p2, p3, and p4 are empirical 
constants, whose dimensions depend on the parameter modeled.  
Equation (21) was fitted to the calculated  data across all three materials. Fitted (Eq. (21)) 
versus calculated values of  are shown in Fig. 18. 
 
 
Figure 18. Fitted (Eq. (21)) versus calculated (slopes of the Dtot - u trendlines)  values for all 
materials and particle size fractions with p1 = -0.21 [-], p2 = 0.18 [-], p3 = 2.83 [mm],                   
p4 = 3.09 [mm]. 
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One common set of values for p1, p2, p3, and p4 valid across all three materials is suggested to 
limit the number of fitting parameters used.  
Observations of the Dtot - u and k - u relationship indicate that their slopes, and β respectively, 
are related. Values of  versus β are therefore plotted in Fig. 19. The highest values of               
are generally obtained for Leca
®
, while the lowest are obtained for granite. Thus, there seems to be 
a relationship between  and . Round particles such as Leca® seem to have higher mass transfer 
between the mobile and immobile phases (and thus higher ), than more angular particles           
such as granite. 
 
 
Figure 19. Relationship between  and , for all materials and particle size fractions.                
Grey and black data represent individual data points and average values, respectively.             
Error bars indicate one standard deviation.  
 
A reason for this behaviour could be the differences in the shape of local mobile and immobile 
pore regions at the pore scale and differences in the amount of interfacial area between the two 
phases. Despite some scatter in the data, especially for the gravel, Fig. 19 further indicates that       
 and  are proportional to some degree. This means that  likely depends on porous medium 
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characteristics in a manner similar to that of .  It was therefore chosen to describe  using Eq. (21) 
(with η now representing  Analysis showed that p2 and p4 had little or no impact of the fitting 
accuracy and these parameters were therefore excluded from the analysis. Fitting of the  values 
(using Eq. (21)) was done based on  values, determined by best linear fit to the measured k - u 
relationships. Results are shown in Fig. 20. 
 
 
Figure 20. Fitted (Eq. (21)) versus calculated (slopes of the k - u trendlines) -values for all 
materials and particle size fractions with p1 = 1.4e-5 [mm
-2
], p3 = 4.7e-4 [mm
-1
]. 
 
Again one common set of values for p1 and p3 in Eq. (21) valid across all three materials           
is suggested to limit the number of fitting parameters used.  
Overall, the results indicate that and  are related to porous medium particle size distribution 
and  in a similar way and may be predicted from porous medium characteristics using the same 
type of expression. The results further suggest that accurate predictions of the tailing of solute 
breakthrough curves may be achieved using the MIM. Therefore, significant time can be saved 
while performing in-situ measurements. 
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8. Estimating solute dispersion coefficients in porous media at 
low pore water velocities  
 
8.1 Experimental procedure 
Assessment of the Dmech - u relationship was carried out using BTC’s previously measured by 
Harleman and Rumer (1963), Hu and Brusseau (1994) and Pugliese et al. (Paper III). Data for 29 
porous media with very different particle shapes (ranging from almost spherical to very angular) 
and particle sizes (0.2 - 14 mm) at different velocities were used in the analyses. 
Measurements, for crushed granite, gravel and Leca
®
 were carried out in duplicate and 
performed at 6 different flow rates equal to 0.015, 0.05, 0.075, 0.1, 0.125, 0.15 l min
-1
. A total of 
324 BTC’s were measured. More details on the experimental procedure are provided in Paper III. 
Two additional data sets (15 BTC’s) taken from previous studies were also considered in the 
analysis (Harleman and Rumer, 1963; Hu and Brusseau, 1994). Harleman and Rumer (1963) 
performed the experiments using plastic spheres, having  = 1 Dm = 0.96 mm and R = 0.2 mm.     
Hu and Brusseau (1994) used glass beads, with  = 1 Dm = 0.256 mm and R = 0.088 mm. 
 
8.2 Results 
In general the Dmech - u relationships, based on the breakthrough data from Pugliese et al. 
(2013b), follow a power function. Crushed granite exhibit most curvature while Leca
®
 exhibits the 
least. This was generally also the case for the Dmech - u relationships for the remaining 8 particle size 
fractions, for each of the three materials and throughout the u range investigated.  
For all three materials Eq. (20) correctly estimates Dmech along all the u range investigated. 
Estimation procedure was carried out considering individual values of  and m for each particle size 
fraction and for crushed granite, gravel and Leca
®
. Leca
®
 exhibits higher  values in agreement 
with previous studies carried out assuming m = 1 (Paper III), while gravel and granite exhibit the 
intermediate and lower  values, respectively. As the main difference between the three materials 
with respect to transport is , the results indicate that roundness is especially important when 
estimating . 
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After developing a model for estimating the following equation was introduced: 
𝛼 = 𝑛1(𝑅
𝑛2 − 1) + 𝑛3𝜑
𝑛4                                      (22) 
where  and R are given in cm and mm, respectively, and n1, n2, n3, n4 are empirical constants, 
which are identical for all particle size ranges and materials. Figure 21 shows  values fitted by 
Eq. (22) versus  values determined by Eq. (20), for all particle size fractions and materials.       
The results in Fig. 21 show that Eq. (22) provides a good accuracy across all five materials and 29 
particle size fractions in fitting  values based on R, φ, and 4 empirical constants.  
 
 
Figure 21. Values of dispersivity () fitted by Eq. (22) versus  values determined by fitting Dmech 
(Eq. (20)), for all particle size fractions and materials. Values of the empirical constants are          
n1 = 576 [-], n2 = 0.0003 [-], n3 = 0.56 [-], n4 = 1.31 [-].  
 
Dm does not affect the estimation of  at very low pore velocities and this is in contrast with the 
behaviour of at higher velocities, where Dm becomes important (De Carvalho and Delgado, 2003; 
Delgado, 2006; Paper IV). The results further indicate that Eq. (22) is applicable for almost          
all kinds of particle shapes and for particle sizes ranging between 0.2 and 20 mm.  
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In contrast to  m is generally dependent on Dm but almost independent on R. Values of m     
are smallest for Leca
®
, intermediate for gravel and largest for granite. Values of m are thus 
inversely proportional to . This tendency is opposite to what was found for , which is directly 
proportional to . Again, as roundness is the main difference between the three materials, this 
suggests that  is very important when estimating m. The following expression was proposed:  
𝑚 = 𝑛1𝐷𝑚
𝑛2 + 𝜑𝑛3                   (23) 
where m and Dm are given in cm and mm, respectively, and n1, n2, n3 are empirical constants, which 
are identical for all particle size ranges and materials. Figure 22 shows m values fitted using         
Eq. (23) versus m values determined by fitting Dmech (Eq. (20)), for all particle size fractions and 
materials. Figure 22 shows that there is a good agreement between m values determined by Eq. (23) 
and Eq. (20).  
 
 
Figure 22. Values of exponent (m) fitted by Eq. (23) versus m values determined by fitting Dmech  
(Eq. (20)), for all particle size fractions and materials. Values of the empirical constants are          
n1 = 0.003 [-], n2 = 1.89 [-], n3 = -0.22 [-].  
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9. Relating gas dispersion in porous media to medium 
tortuosity and anisotropy ratio 
 
9.1 Experimental procedure 
Assessment of the relations between gas phase , tortuosity () and anisotropy ratio ()             
in porous media were carried out using three different commercially available materials: rounded 
pebbles (as an isotropic reference material), slate and wood chips. A specific particle size range 
(ranging from 10 to 18 mm) was selected as a trade-off between facilitating ease of packing, which 
had to be done manually, one particle at a time. Details about the packing procedure are given        
in paragraph 3.1.1 of this dissertation.  
Prior to measurements all materials were dried for several weeks. Each of the materials was then 
packed into clear acrylic columns 15 cm in length and 14 cm inner diameter. This column size was 
chosen in order to avoid effects of preferential flow along the column walls, which may occur if 
column diameter is too small compared to the average particle diameter. All experiments were 
carried out in duplicate. 
Determination of Dtot was carried out following the approach of Poulsen et al. (2008; 
Paper III). Oxygen and nitrogen BTC’s were measured at Q = 0.5, 1.0, 1.5, 2.0 and 2.3 l min-1.  
Determination of Dmol was carried out using the same columns as used in the Dtot estimation. For 
Dmol determination, however, the top of each 15 cm column was connected to a 25 cm long empty 
column of the same diameter fitted with a KE-12 oxygen electrode, closed with a polyethylene lid 
(with a gas inlet) at the top, and sealed using rubber O-rings. The inlet was connected to the same 
air/nitrogen supply assembly as used for the Dtot determination. Soft Teflon tubing with an inner 
diameter of 4 mm was used to connect system components. The bottom of the 15 cm column was 
placed on a movable metal sheet such that the sheet could be slid out from under the column leaving 
it opened to the atmosphere without disturbing the gas inside the column. The connection between 
sheet and column was not tight but allowed gas to seep out of the column with the sheet in place, as 
long as the pressure inside the column was higher than outside. This allowed for saturating the 
column with N2 prior to letting air diffuse into the column. The reason for having the bottom end 
open to the atmosphere rather than the top was to prevent effects of gravity driven gas flow as air   
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is slightly heavier than N2. During measurements the experimental apparatus was placed in a closed 
chamber to reduce air movement around the apparatus and prevent disturbance to the diffusion 
process. Columns were initially saturated with N2 via the inlet. The flow was then switched off and 
the metal sheet immediately removed from below the column, allowing air to diffuse back in.  
Determination of gas permeability (kg) for all nine media was carried out using the same 15 cm 
columns as used for the Dtot and Dmol measurements. The top of the column was kept open to the 
atmosphere while the bottom was connected to a supply of compressed atmospheric air via a valve 
and a precision ball flow meter (model P450, Porter Instruments, Inc., Hatfield, PA).  
Corresponding values of Q and ΔP across the columns were measured for Q ranging between          
0 and 50 l min
-1
 using an Alnor AXD 560 digital manometer connected to the bottom and the top  
of the column. This relatively wide range of Q was used to get a more reliable determination          
of the Q - ΔP relationship for each medium. Measured ΔP values were corrected for the pressure 
drop across the empty column with the metal mesh in place.  
 
9.2 Results 
All measured O2-N2 BTC’s for u > 0 exhibited the sigmoid shape expected for this type of 
experiments. Only a small amount of tailing was observed, indicating that the presence of an 
immobile gas phase in which gas exchange takes place was limited. This also means that no 
significant preferential flow along the column walls occurred as this will result in significant tailing 
of the BTC’s. In all cases the (Dmol + Dmech) - u relationships are approximately linear in accordance 
with Eq. (9) except at low velocities (indicated by broken curve sections) where the slopes tend to 
decrease and intercept the y-axis at Dmol, as also discussed earlier. For a selected u, wood chips 
exhibit higher values of (Dmol + Dmech) compared to slate chips and pebbles. This could be because 
the surfaces of the wood chips are rougher than the slate chips and pebbles, and furthermore 
because this material is dual porous which, as discussed earlier, can result in larger Dmech. Also the 
wood chips have a much higher total porosity than slate chips (due to their high intra particle 
porosity) which result in larger values of Dmol. Linear regression lines were fitted to the             
(Dmol + Dmech) - u data for u > 0. Values of , represented by the slopes of the regression lines     
(Eq. (9)), were determined. For both slate and wood chips  was highest for particle orientation A 
and lowest for particle orientation C. For the pebbles  was very close to the average  for all other 
materials and particle orientations combined (0.65 vs 0.63 cm, respectively). The -value             
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for pebbles also corresponds well with earlier measurements of  in gravel materials of similar 
particle size by Sharma and Poulsen (2010a; 2010b) who observed  values of 0.3-0.9 cm. 
Measured and fitted O2-N2 BTC’s for u = 0 (only molecular diffusion taking place) 
asymptotically approach the atmospheric oxygen concentration over time. Diffusion was faster in 
materials with particle orientation A for both slate and wood chips (the curves approach 
atmospheric oxygen concentration faster) and slowest in material with particle orientation C. This is 
a direct consequence of  being lowest for particle orientation A and highest for orientation C. 
Wood chips exhibited higher Dmol values than slate chips for identical particle orientation.           
Part of the reason is probably that the wood particles are porous, allowing for diffusion through the 
particles. This means that the total gas-filled porosity and thus the cross-sectional area available for 
diffusion, is larger in wood chips than in slate chips for the same particle orientation. 
Values of kg were highest for particle orientation A and lowest for orientation C for both slate 
and wood chips. Orientation D for both slate and wood chips as well as for pebbles showed 
intermediate kg values. The reason is that, for particle orientation A, part of the pore system consists 
of large continuous highly conductive pores (channels parallel to the direction of flow) offering 
reduced flow resistance while, for orientation C, these channels are not present resulting in 
increased flow resistance. Thus as expected, kg is directly controlled by particle orientation but less 
so by external porosity which is typically the case in homogeneous soils. Measurements of kg      
can therefore be used to characterize the particle or aggregate orientation of aggregated or fractured 
porous media.  
For each material and particle orientation  was determined according to the following 
expression: 
𝐷𝑚𝑜𝑙 =
𝜀𝑡𝑜𝑡
𝜏
𝐷𝑣𝑜𝑖𝑑                   (24) 
where Dvoid represents the molecular diffusion in a free gas volume [L
2
 T
-1
].  was determined from 
corresponding values of kg (labelled k) or Dmol (labelled D). For particle orientation A, 
kg,perpendicular,A was defined as the average of kg,B and kg,C. A similar approach was used for the other 
particle orientations for both kg and Dmol.  
The data indicate a direct proportionality between kg, Dmol and both D and k, while the shape 
factor ( is inversely related to . This is to be expected as  and  are dependent, and also because 
 is defined based on the magnitude of Dmol, which is directly defined by the orientation                 
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of the particles relative to the direction of transport. It also means that in media consisting of      
non-spherical particles or aggregates, Dmol is strongly dependent on particle or aggregate 
orientation. Data show that  is proportional to both kg and Dmol for both slate and wood chips, 
which means that  also is strongly dependent on particle orientation. Thus, in anisotropic media    
it may be possible to predict  based on either Dmol or kg, both of which are much easier to measure 
than . It is noted that the kg - Dmol, the kg - , and the Dmol -  relations, in addition to particle 
orientation, are also likely dependent on particle shape. 
Figure 23 shows  as a function of  (Fig. 23(a)),  (Fig. 23(b)), D (Fig. 23(c)) or                     
k (Fig. 23(d)) for all materials and particle orientations.  
 
 
Figure 23. Calculated values of  as a function of (a) tortuosity (), (b) shape factor (),               
(c) anisotropy ratio based on Dmol (D), and (d) anisotropy ratio based on kg (k). 
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For both slate and wood chips the relationships are approximately linear within the , or  
ranges investigated, such that  decreases linearly with increasing  and , and increases linearly 
with increasing D and k. In all four cases the pebbles fall within the region spanned by the wood 
and slate chips. Although the  - D and the  - k relationships are different, they are both strong, 
indicating that when developing models for predicting  from , both relationships could be used as 
a starting point. Seen from an economic and time consumption perspective, k can with advantage 
be used as kg is much simpler and faster to measure than Dmol.  
The reason why  increases with  is that dispersion is caused by differences in the amount of 
time it takes for individual gas particles to pass through the porous medium. Transport time for a 
given gas particle, in turn, is controlled by the tortuosity of the individual pore (or succession of 
connected pores) through which it passes, the average velocity at which it moves through the pore, 
and the amount of turbulence and mixing within each pore. This means that  in a porous medium 
depends on both the distribution of tortuosities of the gas conducting pores and the distribution of 
gas velocities within these pores. The wider the range of transport times (the wider the range of gas 
conducting pore tortuosities and average pore gas flow velocities) the larger the value of .            
In anisotropic media, the widest range in both pore tortuosity and gas pore velocity occur in the 
spatial direction corresponding to the largest average value of . Consider for instance a medium 
consisting of layers of coarse and fine materials where the ranges of both individual and u will be 
larger if gas flow occurs parallel to the layers (where different gas particles pass through different 
materials) compared to flow perpendicular to the layers (where all gas particles pass through        
the same materials). 
Figure 24 shows the - k, - D, - k, and - D relationships for all three materials.        
Data indicate that  decreases with increasing k and D (Fig. 24(a) and 24(b)) with slopes 
significantly smaller than zero. This shows that  and  are strongly related and suggests               
the possibility for predicting  from  or vice versa in anisotropic materials. 
For both slate and wood chips  is inversely proportional to  (Fig. 24(c) and 24(d)) as was also 
the case for . For the same , wood chips exhibit larger values of  although the data shows that 
the difference is not statistically significant. In fact the data suggest that the slopes                          
of the relationships may be identical. 
 
4a 
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Figure 24. Relationships between (a) tortuosity () and anisotropy ratio based on kg (k),              
(b)  and anisotropy ratio based on Dmol (D), (c) shape factor () and k, and (d)  and D. 
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10. Conclusions and perspectives 
 
10.1 Conclusions 
The relationships between transport of gases and dissolved compounds in porous media, and the 
physical media characteristics were investigated in the present work. Analysis was carried out 
across 6 different granular media exhibiting different particle shapes (roundness) and internal 
structure, having a diameter included in the range 2-18 mm.  
The most relevant contributions of this work are: 
Development of models predicting pressure loss in isotropic media. For both gas and liquid 
measurements, the relationship between pressure loss and velocity (ΔP/L - V) followed a second 
order polynomial in agreement with earlier literature. ΔP/L decreased with increasing particle size 
and increasing roundness (φ). In Paper I an existing model was tested again the measured gas data, 
performing relatively well although a tendency to over predict small and large values was noted. 
Thus, an improved model for predicting the relationship was proposed. Results from the modeling 
further indicated that the material specific empirical parameters were related to particle shape.       
In Paper II several existing approaches, based on previously published data for air flow, were 
evaluated to predict liquid ΔP/L from corresponding measurements performed using gas. 
Predictions of liquid ΔP/L were not found to be accurate, and a new exponential expression 
requiring only four empirical parameters was introduced. The link between the two equivalent 
particle diameters was estimated for particle sizes ranging from 2 to 14 mm. Results from             
the modeling indicated that some of the empirical parameters exhibited dependency on material 
particle shape.  
Development of models predicting dispersion in isotropic media. Both gas and solute dispersion 
coefficients (Dmech) exhibited the well-known linear increase with fluid pore velocity (u), except at 
very low fluid velocities. Analysis of gas and liquid breakthrough curves (BTC’s) was carried out in 
Paper III, showing that gas dispersion coefficients were generally larger than for solute.       
Results across all three media further indicate that dispersivity () is strongly related to the width of 
the particle size distribution (R) and to a lesser degree of the actual mean particle diameter (Dm).    
In contrast, the ratio between gas and solute  did not exhibit a strong relationship with φ,            
but instead depended on R and Dm. Based on these observations an empirical expression for 
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predicting the  ratio was suggested. This expression uses three empirical constants and the results 
indicate that at least two of the empirical constants are not medium dependent. In Paper IV,         
the possibility to estimate non-equilibrium solute transport parameters from porous medium 
physical properties, thus allowing considerable time savings when measuring solute BTC’s,        
was investigated. Results indicated that the more spherical the particles (higher φ), the greater      
the mass transfer between the mobile and immobile phases. A simple linear expression                  
for predicting the transport parameters from particle size distribution and particle shape 
characteristics was proposed. The Dmech – u relationship at low u was investigated in Paper V 
across five granular porous materials (crushed granite, gravel, Leca
®
, plastic spheres and           
glass beads). The analysis indicated that the classical assumption of dispersion coefficient,         
being equal to a constant times u to a power (m), well describes the measured data. Values of  
were strongly dependent on φ, and showed a direct proportionality with φ. Results also indicated 
that  to some degree is proportional to R, but independent of Dm. The independency of Dm at low u 
is in contrast with earlier studies that show a dependency of  on Dm at high u. Values of m also 
showed a strong dependency on φ but were inversely proportional to φ. Results further showed that 
m to some degree is proportional to Dm but independent of R (in contrast to ). A set of equations, 
for predicting  and m from R, Dm and φ, were proposed. 
Identification of the relationship between gas dispersion and pressure loss in anisotropic media. 
Measurements conducted in Paper VI showed that  is linearly related to gas permeability (kg), 
molecular diffusion (Dmol) and anisotropy ratio (ξ) but inversely proportional (but still linearly 
related) to tortuosity ratio () and particle shape. Higher  values are also generated from rougher 
surfaces, which generate increased gas turbulence and mixing. Values of the  ratio determined 
based on either kg or Dmol were similar across the media investigated. 
 
10.2 Perspectives  
The research carried out in this work, has highlighted the importance of the particle 
characteristics in estimating the transport parameters. Throughout all the studies a significant 
improvement of existing models was gained in terms of prediction accuracy, on a large and 
different set of data. Moreover, new expression and new models were proposed and tested on the 
same data. Despite the good results, there is room for important future research within this area, 
especially when considering more realistic situations such as discussed below.  
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Important aspects for such future research are: 
- Investigation of both pressure loss and dispersion in media with different particle size 
distribution and shapes. Each of the 6 different media utilized in this work was chosen to 
provide a certain representativeness of the different media characteristics. Therefore,         
the validation of the results for a unique characteristic may be affected somehow by the 
singular media investigated. Moreover, the approaches discussed here have only been tested 
against data for granular media, having uniform particle size distributions although the 
media represented a very wide range of uniform particle size distributions.                   
Further measurements on other materials with a wider range of particle size distribution 
(uniform and non-uniform) and particle shapes, however, are required, to better understand 
the transport relationships for a given material and its particle size distribution and particle 
shape.   
- Investigation of dispersion at lower velocities. The proposed model, introduced for 
describing the relationship between pore water velocity and mechanical dispersion, 
considered values of Dmech = 0 below a certain u. Despite the model yielded improved 
accuracy in comparison with the traditional linear model, it was seen that Dmech near 0         
is not exactly 0. New experiments analysing Dmech at u < 0.3 cm min
-1
 may be valuable. 
- Investigation of anisotropy for a larger set of media and at a large scale. The relationships 
between the anisotropy ratio, the media properties and the transport parameters were only 
investigated on a tiny set of media. Also in this case, the validation of the results for the 
anisotropy ratio may be affected somehow by the singular media investigated. These set     
of measurements were conducted using columns with certain length dimension (15 cm),      
to facilitate the packing procedure. In addition, investigation using longer columns would be 
useful to estimate the scale effect on the anisotropy ratio. 
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11. Nomenclature 
 
A  medium cross sectional area [L
2
]   
Cf  form coefficient [L
-1
] 
Cim  immobile tracer concentration [M L
-3
] 
Cm  mobile tracer concentration [M L
-3
] 
D  particle diameter [L] 
Deq  equivalent diameter [L] 
Dm  mean particle diameter [L] 
Dmech  mechanical dispersion coefficient [L
2
 T
-1
] 
Dmin  minimum particle diameter [L] 
Dmix  fluid mixing [L
2
 T
-1
] 
Dmol  molecular diffusion coefficient [L
2
 T
-1
] 
Dtot  dispersion-diffusion coefficient [L
2
 T
-1
] 
Dvoid  molecular diffusion in a free volume [L
2
 T
-1
] 
D10, 50, 60 particle diameter corresponding to the 10, 50, 60% fractile [L] 
k  permeability [L
2
] 
k  mass transfer coefficient [T-1] 
L  length of the porous media in the flow direction [L] 
m  dimensionless exponent [-] 
M1  first order moments of the particle size distribution [M L
2
 T
-2
] 
M2  second order moments of the particle size distribution [M L
2
 T
-2
] 
Q  volumetric flow [L
3
 T
-1
] 
r  radius of the inscribed circle [L] 
R  particle size range [L] 
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ℛ  radius of the largest inscribed circle [L] 
Re  Reynolds number [-] 
u  pore velocity [L T
-1
] 
V  superficial flow velocity [L T
-1
] 
 
Greek letters 
  longitudinal dispersivity [L] 
g/s  mechanical dispersivity ratio [-] 
ΔP  pressure loss [M L-1 T-2] 
εdead  dead porosity [L
3
 L
-3
] 
εim  immobile filled porosity [L
3
 L
-3
] 
εm  mobile filled porosity [L
3
 L
-3
] 
εtot  total porosity [L
3
 L
-3
] 
μ  dynamic viscosity [M L-1 T-1] 
  anisotropy ratio [-] 
D  anisotropy ratio calculated from Dmol [-] 
k  anisotropy ratio calculated from k [-] 
ρ  density [M L-3] 
ρb  bulk density [M L
-3
] 
  shape factor [-] 
  tortuosity ratio [-] 
p  roundness defined by Pentland (1927) [-] 
w  roundness defined by Wadell (1935) [-] 
  cross-sectional or projection area of the grain [L2] 
p  area of the circle having the largest diameter of the grain [L
2
] 
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Biofilter Media Gas Pressure Loss as Related to Media
Particle Size and Particle Shape
Lorenzo Pugliese1; Tjalfe G. Poulsen2; and Rune R. Andreasen3
Abstract: Pressure loss (ΔP) is a key parameter for estimating biofilter energy consumption. Accurate predictions ofΔP as a function of air
velocity (V) are, therefore, essential to assess energy consumption and minimize operation costs. This paper investigates the combined impact
of medium particle size and shape on the V-ΔP relationship. The V-ΔP measurements were performed using three commercially available
materials with different particle shapes: crushed granite (very angular particles), gravel (particles of intermediate roundness), and lightweight
clay aggregrate (almost spherical particles). A total of 21 different particle-size fractions, with particle sizes ranging from 2 to 14 mm, were
considered for each material. As expected, ΔP decreased with increasing particle size in agreement with earlier findings. The value of ΔP,
however, also showed a tendency to decrease with increasing particle roundness especially for fractions containing smaller particles. A new
model concept for estimating V-ΔP across different particle-size fractions and shapes was proposed. This model yielded improved prediction
accuracy in comparison with existing prediction approaches. DOI: 10.1061/(ASCE)EE.1943-7870.0000771. © 2013 American Society of
Civil Engineers.
CE Database subject headings: Air flow; Granular media; Permeability; Particle size distribution; Moisture; Filtration.
Author keywords: Air flow; Granular media; Permeability; Pressure loss; Particle-size distribution; Particle shape; Moisture; Filtration.
Introduction
Biofiltration is one of the most widely employed technologies for
removal of organic pollutants (including malodorous compounds)
in air streams originating from industrial and commercial activities
(Goldstein 1996; Nicolai and Janni 2000). The filtration process is
carried out by the use of microorganisms that are immobilized in a
biofilm attached to a porous packing (carrier) material such as
straw, wood chips, pebbles, or various artificial materials. Removal
of the contaminants then occurs as a consequence of the microbial
metabolism where the contaminants are degraded to yield carbon
and energy for microbial growth. Biofiltration cost efficiency is
generally defined as the quantity of air cleaned to a required level
per amount of operation costs. Filter cleaning capacity depends on
the quantity of active biomass in the filter, which in turn depends on
the active specific surface of the packing material. Operation costs
are for a large part connected with the energy consumption of the
filter, which in turn is mainly associated with the pressure loss
across the filter. Thus material physical properties, such as specific
surface area and airflow resistance, are key parameters to consider
when assessing biofilter performance (Wani et al. 1997; McNevin
and Barford 1998; Kim et al. 2000; Elias et al. 2003; Barona et al.
2004). By choosing a proper porous medium, it is possible to
increase active microbial biomass (De Oliveira et al. 2009) and
contaminant removal capacity (Sakuma et al. 2006) and to reduce
the energy consumption associated with the airflow resistance of
the biofilter (Malhautier et al. 2005; Gadal-Mawart et al. 2010).
Filter pressure loss (ΔP) is a key parameter for estimating
biofilter energy consumption. Accurate predictions of ΔP are,
therefore, necessary when designing biofilters, selecting biofilter
packing materials, and estimating economic costs. Darcy (1856)
proposed a linear expression relating ΔP with packing material
properties (permeability) based on studies of water flow in filter
sand. Several studies have subsequently investigated the relation-
ship between permeability, particle size, and porosity for porous
media (Kozeny 1927; Fair and Hatch 1933; Carman 1937;
Scheidegger 1960; Sorrentino and Anlauf 1999; Sperl and Trckova
2008; Hamamoto et al. 2009).
Forchheimer (1901) observed that in porous media at high fluid
flow velocity (V), the relationship between V and ΔP was not lin-
ear as predicted by Darcy’s law but instead followed a second-order
relationship. Therefore a quadratic V term was added to the Darcy
equation to take the effects of inertial forces and turbulence into
account. Ergun (1952) proposed a Forchheimer-based expression
that essentially links the ΔP to fluid-filled porosity (ε), a medium
particle specific characteristic length (Deq) and a set of empirical
constants that were supposed to be universal across different porous
materials. Ahmed and Sunada (1969) proposed a rearrangement of
the Forchheimer equation using the Navier-Stokes equations. The
new relationship showed that the empirical constants were related
to the properties of the fluid and the porous media by the intrinsic
permeability and a proportionality factor (Chin et al. 2009). Ward
(1966) derived the same equation by using a dimensional analysis.
Macdonald et al. (1979) evaluated the accuracy of the Ergun
equation. A large number of experimental data from different
porous media were used. The results of Macdonald et al. (1979)
showed that the empirical constants in the equation were not inde-
pendent of porous medium properties, thus, complicating the use of
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the Ergun equation across different types of porous media. Trussell
and Chang (1999) analyzed the validity of the Forchheimer and the
derived relations on a large set of data (glass beads, anthracite,
sand, potter’s beads, marbles, and fragments of crushed dolerite)
with respect to impact of medium particle size on ΔP. The
results pointed out difficulties in determination of the empirical
model parameters, thus, leading to prediction errors. Andreasen and
Poulsen (2013) investigated ΔP in a set of coarse-grained porous
materials (with a particle diameter greater than or equal to 2 mm)
relevant for biofiltration and found that ΔP was only weakly de-
pendent on air-filled porosity (ε) for this type of media. These au-
thors, therefore, proposed a simplified model concept for predicting
ΔP based on particle-size distribution and particle diameter rather
than on material air-filled porosity as traditionally done. The model,
developed and tested using a set of media with a wide range of
particle sizes, yielded predictions equivalent to 90% reduction in
prediction error compared to the Ergun equation. The media tested,
however, all belonged to the same material [Leca (Weber A/S,
Denmark), a granular material used for insulation and biofiltration
consisting of porous rounded particles] and there is thus, a need to
verify if this model concept is applicable for others types of porous
materials, including materials with different particle shapes.
Particle shape influences many physical properties of porous
materials such as void ratio, internal friction angle, and air
permeability (Witt and Brauns 1983; Shinohara et al. 2000; Rouse
et al. 2008). Studies by Connell et al. (1999), Endo et al. (2001),
and Pugliese et al. (2012) indicate that particle shape does have an
impact on the V-ΔP=L relationship, although at present very little
is known about how particle shape affects ΔP in porous media.
The aim of this study is, therefore, to investigate the effects of
particle shape on the V-ΔP=L relationship across porous materials
with different particle shapes and particle-size distributions relevant
for biofiltration. The investigation will be based on measurement of
ΔP in three different commercially available granular materials,
which have very different particle shapes: crushed granite (very an-
gular particles), gravel (particles of intermediate roundness), and
Leca (almost spherical particles). A total of 21 different particle-
size fractions, with particle sizes ranging from 2 to 14 mm were
considered for each of the three materials.
Theory
At low V, the ΔP of a fluid flowing through a porous medium can
be described by Darcy’s law (Darcy 1856) which, however, is
only valid for Reynolds numbers (R) (Andreasen et al. 2012) below
approximately 1, when flow conditions are laminar and the inertial
forces in the flow field are negligible. At R greater than 1 (higher
flow V), inertial forces are important, the V-ΔP relationship be-
comes nonlinear and Darcy’s law no longer applies. Several non-
linear equations for relating V andΔP in this region ofR have been
presented (Green and Duwez 1951; Cornell and Katz 1953;
Geertsma 1974; Antohe et al. 1997; Lage et al. 1997; Trussell
and Chang 1999) but the most widely used is the second-order
Forchheimer relationship (Forchheimer 1901). This relationship
was originally developed for 1 < R < 100, but it can also be used
to approximate the V-ΔP relationship aboveR ¼ 100 (Trussell and
Chang 1999; Andreasen and Poulsen 2013).
Among the expressions describing fluid flow through packed
beds following the Forchheimer relationship, the Ergun equation
(Ergun 1952) is perhaps the most widely used. This equation uses
an equivalent particle diameter (Deq) and three empirical constants
for which Ergun suggested universal values. Macdonald et al. (1979)
later tested the Ergun equation against a large set of flow-pressure
data from several porous media and found that the empirical con-
stants depended on the physical properties of the media. Macdonald
et al. (1991) proposed an expression for estimating Deq, using
the first- and the second-order moments of the particle-size distribu-
tion. A more thorough presentation of the preceding theory and
the equations involved can be found in Andreasen et al. (2012),
Andreasen and Poulsen (2013), and Andreasen et al. (2013).
A simpler expression to evaluateDeq was proposed by Andreasen
and Poulsen (2013). Based on measurements for a large set of porous
media with uniform particle-size distributions originating from the
same material (Leca, with diameters ranging from 2 to 18 mm)
Deq, for materials with uniform particle-size distributions, was esti-
mated as a harmonic mean of the mean particle diameter (Dm) and
the minimum particle diameter (Dmin) for each medium as
Deq ¼
2
1
Dm
þ 1Dmin
ð1Þ
Andreasen and Poulsen (2013) further observed that ΔP in
these media was almost independent of air-filled porosity and there-
fore suggested that ΔP can be predicted as
ΔP
L
¼ A
 
2
1
Dm
þ 1Dmin
!−2
μV þ B
 
2
1
Dm
þ 1Dmin
!−1
ρV2 ð2Þ
where ΔP = the pressure drop across the medium (Pa); L = the
distance over which the pressure drop takes place (m); μ = the
air viscosity (Pa s); ρ = the air density (kg=m3); V = the superficial
air velocity (m=s); and A and B = empirical constants. Based on this
study, the authors concluded that a likely dependency of ΔP=L on
particle shape was expected. The authors also suggested that in-
stead of defining Deq based on the smallest and largest particle
diameter, improved predictions might be achieved by using alter-
native values.
Particle shape is often characterized by particle roundness,
which is the ratio between the diameters of the largest inscribed
and the smallest circumscribing spheres (Santamarina and Cho
2004). Earlier studies (Krumbein 1941; Meloy 1977; Barret
1980; Bowman et al. 2001) have concluded that the projection
sphericity (equivalent to roundness) (Cox 1927; Pentland 1927;
Tickell 1931; Wadell 1935) represents the best way to analyze
effects of particle shape on transport in porous media. Two very
widely applied approaches are those of Pentland (1927) and Wadell
(1935). Pentland (1927) defined the roundness as
φp ¼
ω
ωp
ð3Þ
where φp = the total degree of roundness (dimensionless) based on
Pentland (1927) which cannot be greater than 1; ω = the cross-
sectional or projection area of the grain (m2); and ωp = the area
of the circle having the largest diameter of the grain (m2). The
orientation of the particles was not definite.
Wadell (1935) defined the roundness as
φw ¼
NP
NðRrNÞ
ð4Þ
where φw = the total degree of roundness based on Wadell (1935)
(dimensionless); N = the number of corners in the given plane of
the particle; R = the radius of the largest inscribed circle (m);
and rN = the radius of the inscribed circle of the Nth corner of
the particle in the plane (m).
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Materials and Methods
Measurements of ΔP were conducted using three commercially
available materials: crushed granite, gravel, and Leca (light expanded
clay aggregates). An irregular and very angular particle shape char-
acterizes the crushed granite; gravel consists of somewhat rounded
rock fragments and Leca consists of rounded particles. Granite and
gravel do not have any internal porosity (inside the particles) while
Leca consists of highly porous particles; although this internal poros-
ity is inaccessible by air as it consists of closed vesicles very much
like soap foam. Fig. 1 shows the three materials.
All three materials were initially sieved into six particle-size
fractions with uniform particle-size distributions. Each of these
fractions was characterized by a particle-size range (R) of 2 mm
in the range between 2 and 14 mm. Particle diameters (D) were
2 ≤ D < 4 , 4 ≤ D < 6 , 6 ≤ D < 8 , 8 ≤ D < 10 , 10 ≤ D < 12 ,
and 12 ≤ D < 14 mm corresponding to mean particle diameter
(Dm) of 3, 5, 7, 9, 11, and 13 mm, respectively. Additional fractions
with R ¼ 4 mm (Dm ¼ 4, 6, 8, 10, 12 mm); R ¼ 6 mm (Dm ¼ 5,
7, 9, 11 mm); R ¼ 8 mm (Dm ¼ 6, 8, 10); R ¼ 10 mm (Dm ¼ 7,
9); and R ¼ 12 mm (Dm ¼ 8), with uniform particle distributions,
were produced by combining appropriate quantities of the six
R ¼ 2 mm fractions. Uniform particle-size distributions were
chosen to ensure well-defined particle-size distributions across
all particle-size fractions used. A total of 63 particle-size fractions
were produced (21 for each material).
For granite, ρb for each particle size fraction was measured by
packing the material into a known volume followed by weighing.
The external porosity (εex), which for granite equals εtot, was cal-
culated from ρb using a solid density of 2.75 g=cm3 (Hausrath
et al. 2009; Omosanya et al. 2012). Corresponding values of ρb
and εexðεtotÞ for gravel and Leca were obtained from Sharma
and Poulsen (2010) and Andreasen and Poulsen (2013), respec-
tively. For determination of roundness, φp and φw, 30 particles
were randomly selected from each of the 3 materials (5 particles
for each of the 6 R ¼ 2 mm fractions). For all granite and gravel
particles, projections of particle shape onto a flat surface were car-
ried out in three perpendicular planes. For Leca, projections were
only carried out in one plane as particle shape was observed to be
very similar in all planes. Values of ω and ωp, and consequently
φp [Eq. (3)] were subsequently determined from the projections.
Values ofR and rN and consequently φw [Eq. (4)] were determined
by selecting the two sharpest corners of each projection (N ¼ 2)
and analyzed using a circle scale as proposed by Wadell (1935).
Average values of φp and φw were then calculated for each material
across the 6 R ¼ 2 mm particle-size fractions (five particles for
each). All measurements were carried out in duplicate. An over-
view of the media properties is given in Table 1.
Each experiment was performed by packing each of the 21 par-
ticle-size fractions for each of the 3 materials into a clear acrylic
column of 100 cm in length and 14 cm inner diameter. This column
size was chosen in order to avoid effects of preferential flow along
the column walls, which may occur if column diameter is too small,
compared to the average particle diameter (Pugliese et al. 2012).
Great care was taken to achieve a uniform packing (especially
along the length of the column), to reduce variations in ρb. Mea-
surements of ΔP were carried out for each of the 63 particle
size fractions following the approach of Pugliese et al. (2012).
Columns were fitted with a polyethylene lid and sealed with a rub-
ber O-ring at the bottom. A stainless steel mesh with 2-mm open-
ings and 1-mm thickness was installed to maintain a distance of
10 mm between the lid and the porous medium. The top of the
column was kept open to the atmosphere while the bottom was con-
nected to a supply of compressed atmospheric air via a valve and
a precision ball flowmeter (Model P450) (Porter Instrument Div.,
Hatfield, PA). Soft Teflon tubing with an inner diameter of 4 mm
was used to connect system components. Corresponding values of
V and ΔP across the columns were measured for V ¼ 0.005,
0.010, 0.016, 0.021, 0.032, 0.043, 0.054, and 0.065 m=s, equal
to Q ¼ 5, 10, 15, 20, 30, 40, 50, and 60 l=min, respectively.
The relatively wide Q-range was chosen to get more reliable deter-
mination of the V-ΔP relationships for the different media. An Al-
nor AXD 560 digital manometer (Alnor, Ontario, Canada),
connected to the bottom and the top of the column, was used to
measure ΔP. Measured ΔP values were corrected for the pressure
drop across the empty column with the metal mesh in place. All
experiments were carried out in duplicate. A schematic of the
experimental setup is shown in Fig. 2.
Results and Discussion
Measured V-ΔP=L relationships for selected particle-size fractions
for all three materials are shown in Fig. 3.
Fig. 1. Porous materials used in the tracer experiments: (a) granite; (b) gravel; (c) Leca
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The V-ΔP=L relationships follow a second-order polynomial in
all cases, thus, being consisted with Eq. (2). This was the case for all
materials and particle-size fractions investigated. Values of R range
up to 60, covering therefore both the Darcy and Forchheimer flow
domains.ΔP=L generally decreased with increasing average particle
size. The reason is that smaller particles means smaller pores and,
thus, increasing resistance to flow. The smallest pores of the media
considered here characterize the 2–4 mm fractions (average particle
size equal to 3 mm) and, therefore, this medium has the greatest
ΔP. In contrast, the lowest values of ΔP=L were obtained for
the 12–14 mm particle size fraction that has the largest average par-
ticle diameter (13 mm) and, therefore, also the largest pores.
For identical particle-size fractions, the crushed granite gener-
ally yielded the highestΔP=Lwhile Leca yielded the lowest values
of ΔP=L despite the fact that granite has a higher external (active)
air-filled porosity compared to Leca (Table 1). In fact, for the
three materials considered in this study, ΔP=L was inversely cor-
related with active air-filled porosity. This supports the findings of
Andreasen and Poulsen (2013) who observed that ΔP=L was in-
dependent of active air-filled porosity across a wide range of Leca
particle-size fractions. These authors, therefore, suggested to base
models for predictingΔP=L in coarse-grained (2–18 mm) granular
materials on particle diameter rather than air-filled porosity. This
is likely because active porosity in fine-grained materials (less
than 2 mm) for which Eq. (2) was originally developed, has a very
different structure due to for instance cracks and formation of ag-
gregates compared to coarse-grained materials such as those inves-
tigated here. Gravel exhibited intermediate ΔP compared to Leca
Porous 
medium 
Fine steel 
mesh 
Flow control 
valve 
Digital 
manometer 
Ball flow 
meter 
Air supply 
Fig. 2. Experimental setup for measuring pressure loss (ΔP) in porous
filter media
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Fig. 3.Measured values of ΔP=L as a function of V for three selected
fractions (2–4, 2–14, 12–14 mm) for the three materials (granite,
gravel, Leca) considered in this study
Table 1. Physical Properties of the Three Porous Materials (Granite, Gravel, and Leca) and 63 Particle-Size Fractions
Size range
(mm)
Granite Gravel Leca
ρp (g=cm3) φp φW ρp (g=cm3) φp φW ρp (g=cm3) φp φW
2.75 0.64 0.09 2.65 0.65 0.51 0.40 0.80 0.89
ρb (g=cm3) εtot ¼ εex (cm3=cm3) ρb (g=cm3) εtot ¼ εex (cm3=cm3) ρb (g=cm3) εex (cm3=cm3) εtot (cm3=cm3)
2–4 1.51 0.45 1.55 0.42 0.33 0.28 0.88
4–6 1.55 0.44 1.54 0.42 0.29 0.39 0.89
6–8 1.52 0.45 1.54 0.42 0.25 0.37 0.91
8–10 1.48 0.46 1.55 0.41 0.25 0.37 0.91
10–12 1.46 0.47 1.55 0.41 0.24 0.36 0.91
12–14 1.47 0.47 1.55 0.41 0.23 0.33 0.91
2–6 1.53 0.44 1.54 0.42 0.31 0.33 0.88
4–8 1.50 0.45 1.53 0.42 0.27 0.37 0.90
6–10 1.53 0.44 1.54 0.42 0.25 0.37 0.91
8–12 1.49 0.46 1.56 0.41 0.24 0.37 0.91
10–14 1.46 0.47 1.55 0.42 0.24 0.35 0.91
2–8 1.55 0.44 1.56 0.41 0.29 0.34 0.89
4–10 1.50 0.45 1.54 0.42 0.26 0.37 0.90
6–12 1.48 0.46 1.55 0.42 0.24 0.37 0.91
8–14 1.49 0.46 1.56 0.41 0.24 0.34 0.91
2–10 1.54 0.44 1.59 0.40 0.27 0.36 0.90
4–12 1.52 0.45 1.58 0.41 0.26 0.37 0.90
6–14 1.52 0.45 1.56 0.41 0.24 0.35 0.91
2–12 1.55 0.44 1.58 0.40 0.27 0.35 0.90
4–14 1.53 0.44 1.59 0.40 0.25 0.36 0.91
2–14 1.54 0.44 1.61 0.39 0.26 0.35 0.90
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and crushed granite. The granite and gravel ΔP=L were 1.24 and
1.19 times larger than those for the Leca on average across all
particle-size fractions, respectively. In general, the relative differ-
ences in ΔP=L between the three materials were most prominent
for the fractions containing smaller particles.
Values of particle roundness for the three materials as calculated
by Pentland (1927) [Eq. (3)] and Wadell (1935) [Eq. (4)] were low-
est for granite and highest for Leca. As the principal difference
between the three materials considered here is their particle shape
(as characterized by roundness), the deviations in εex and ρb, and
ΔP=L between the three materials likely result from the differences
in roundness. Flow in materials consisting of rounded particles
(Leca) should be expected to be more laminar and less subject
to inertial forces than flow in materials consisting of more angular
(less spherical) particles such as crushed granite. Pugliese et al.
(2012) observed that, in two materials with identical particle-size
distributions but different particle shapes (pebbles with high round-
ness and crushed slate with low roundness), dispersivity decreased
with decreasing particle roundness. This behavior was therefore
attributed to the difference in particle shape. The same authors fur-
ther observed an inverse linear proportionality between dispersivity
and ΔP=L under otherwise identical conditions. Thus ΔP=L was
observed to increase with decreasing particle roundness supporting
that the differences in ΔP=L observed between the three materials
used here mainly stems from differences in particle shape. In gen-
eral the results discussed earlier show that among the three factors
(particle size, particle shape, and porosity) particle size is the most
important for controlling ΔP=L (a well-known fact) followed by
particle shape, while porosity has little or no impact on ΔP=L in
coarse-granular materials.
The model [Eq. (2)], suggested by Andreasen and Poulsen
(2013) for predicting the V-ΔP=L relationships in materials with
uniform particle-size distributions (developed based on data for 36
Leca particle-size fractions), was tested against the V-ΔP=L values
measured in this study for all three materials (1,008 data points).
The test was performed by fitting Eq. (2) to the measured data using
the model constants A and B as fitting parameters. Optimal values
of A and B for each of the three materials were identified by
minimizing the sum of the relative squared errors (RSE) between
measured and fitted ΔP values, calculated as
RSE ¼
XN
i¼1

ΔP=LmeasuredðiÞ −ΔP=LpredictedðiÞ
ΔP=LmeasuredðiÞ

2
ð5Þ
where ΔP=Lmeasured (i) and ΔP=Lpredicted (i) = the observed and
predicted (by the model) pressure gradients, respectively; while
N = the total number of measurements.
The optimal values of A and B for the three materials are given
in Table 2 and the fitted versus measured values of ΔP=L by
Eq. (2) with the A and B values from Table 2 are shown in Fig. 4
for the three materials.
Values of A and B for Eq. (2) are relatively similar across the
three materials with averages of 443 (9%) and 56 (15%), re-
spectively, with numbers in parentheses indicating one standard
deviation. In general the model is able to fit the data relatively well
with relative RSE values ranging from 0.17 to 0.21 indicating that
the average squared error in fitting individual values of ΔP=L is
0.19 on average.
Fig. 4 shows that it is possible to get a relatively close fit of
Eq. (2) to the measured ΔP=L values especially considering that
the ΔP=L varies over three orders of magnitude. The plots, how-
ever, also show that Eq. (2) has a tendency to underpredict small
[−0.5 < logðΔP=LÞ < 0.5] and large [2.0 < log ðΔP=LÞ < 2.5]
ΔP=L values. This behavior is actually not seen only for the three
data sets as a whole but also for the individual particle-size fractions
for each material.
This is illustrated in Fig. 5 that shows the relative deviation
between measured and fitted ΔP=L values [calculated using
Eq. (2)] as a function of the measured ΔP=L for selected
Table 2. Different Approaches and Related Optimal Values of A, B, and a in Terms of Relative Squared Errors for the Three Different Materials
Approach Equation Agranite Agravel ALeca Bgranite Bgravel Bleca agranite agravel aLeca RSEgranite RSEgravel RSELeca RSETot
Andreasen et al. (2013) Eq. (2) A, B 481 444 405 53 65 49 0.18 0.17 0.21 0.19
1 Eq. (7) A, B, a 587 604 509 49 63 47 0.72 0.62 0.68 0.15 0.13 0.18 0.15
2 Eq. (7) A, B 599 565 498 49 63 47 0.70 0.15 0.14 0.18 0.16
3 Eq. (7) A, a 597 642 480 51 0.68 0.15 0.15 0.18 0.16
4 Eq. (7) B 560 51 63 43 0.73 0.15 0.13 0.18 0.16
5 Eq. (7) a 560 51 0.73 0.76 0.57 0.15 0.16 0.19 0.17
6 Eq. (7) 562 51 0.68 0.15 0.17 0.20 0.18
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Fig. 4. Fitted [using Eq. (2)] versus measured values of Log (ΔP=L) for (a) granite; (b) gravel; (c) Leca
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particle-size fractions for each of the three materials. In all six cases
shown in Fig. 5, the relative deviation between measured and fitted
ΔP=L values as a function of the measured ΔP=L shows an up-
ward concave relationship. This means that on average the model
tends to over predict ΔP=L at low and high values of ΔP=L and
underpredict at intermediate ΔP=L. This tendency was also ob-
served for all other particle-size fractions across all three materials
but tended to be most prominent for particle-size fractions contain-
ing mainly small or large particles. The reason is that the model
[Eq. (2)] is not able to fully capture the nonlinear relationship be-
tween ΔP=L and V for the materials. As the curvature of the mod-
eled V-ΔP=L relationship by Eq. (2) is not only controlled by the
empirical constants, A and B, but also by the value of Deq, it is
likely that a more optimal choice of expression for Deq may im-
prove model results. Andreasen and Poulsen (2013) proposed that
Deq might be predicted as the harmonic mean of the smallest and
the mean particle diameter present in each particle size fraction [as
given by Eq. (1)], thus the smallest and the mean particle sizes are
weighted equally in the prediction of Deq. Earlier studies, however,
have suggested that the characteristics of granular materials might
be predicted using the particle diameters corresponding to the 10
and 60% fractiles of the particle-size distribution, D10 and D60,
respectively. These particle diameters will also be applicable to
nonuniform particle-size distributions while this is not possible
when using Eq. (1) as Dmin is often not known for nonuniform
particle-size distributions. Thus, the choice of Dmin and Dm
(corresponding to D0 and D50) for predicting Deq is likely not
the optimal choice. It is also well known that for a given medium
consisting of a mixture of particles of different diameters, the
smaller particles have a larger impact onΔP=L than large particles.
Therefore, weighting the two diameters equally in the Deq predic-
tion as done in Eq. (1) may not be the optimal approach.
We, therefore, propose that the following expression for predict-
ing Deq across different materials:
Deq ¼
1
a
D10
þ 1−aD60
 ð6Þ
where a = a weighting factor 0 < a < 1; and D10 and D60 (m) = the
particle diameters at which 10 and 60% of the material mass con-
sists of particles with a smaller diameter, respectively. Replacing
Eq. (1) with Eq. (6) in Eq. (7) yields
ΔP
L
¼ A
 
1
a
D10
þ 1−aD60
!−2
μV þ B
 
1
a
D10
þ 1−aD60
!−1
ρV2 ð7Þ
Eq. (7) was, therefore, fitted to the measured V-ΔP=L data for
all three materials using A, B, and a as fitting parameters. Six differ-
ent fitting approaches were tested: (1) values of A, B, and a were
fitted individually for each of the three materials (a total of nine
fitting parameters); (2) A and B were fitted individually for each
material while one common value of a across all three materials
was used (seven fitting parameters); (3) A was fitted individually
for each material while common values of B and a were used (five
fitting parameters); (4) B was fitted individually for each material
while common values of A and a were used (five fitting parame-
ters); (5) a was fitted individually for each material while common
values of A and B were used (five fitting parameters); and
(6) common values of A, B, and a were used (three fitting param-
eters). Values of A and B for Eq. (2) and A, B, and a for all six
fitting approaches using Eq. (7) are shown in Table 2. Values of
the RSE [Eq. (5)] were calculated for each approach both consid-
ering each of the three materials individually and all three materials
together. These data are also shown in Table 2. Fitted versus mea-
sured values of ΔP=L using approach (1) for all three materials
and all gas velocities considered are shown in Fig. 6(a) for granite,
Fig. 6(b) for gravel, and Fig. 6(c) for Leca.
The use of Eq. (7) in Approach 1 reduces the RSE by 25%
compared to using Eq. (2). The main difference between Eq. (7)
in Approach 1 and Eq. (2) is that individual values of Deq for each
material are used in the former approach. Thus, although the
reduction in RSE is relatively modest, this indicates that improved
predictions of ΔP=L may be achieved by taking into account the
effects of particle shape on the value of Deq. Values of A are gen-
erally 20–30% higher when using Eq. (7) compared to Eq. (2) while
values of B are approximately the same. When using Eq. (7) in
Approach 2, there is a clear relationship between A and particle
roundness such that A decreases with increasing roundness. For
Approaches 1 and 3–6, this tendency is less clear although the low-
est values of A are still observed for the highest degree of round-
ness. Relationships between B, a, and roundness are less clear,
although for both parameters the lowest values are observed for
the highest degree of roundness indicating that all three parameters
A, B, and a are related to particle roundness. Particle roundness
may not be the only controlling factor or perhaps not optimal
for characterizing particle shape as particles of different shapes
may exhibit similar roundness. Also particle characteristics such
as surface roughness affect ΔP=L, A, B, and a. Measurement
of particle surface roughness on nonspherical particles remains a
challenge due to the difficulty in distinguishing particle angularity
and particle surface roughness as these two characteristics have
similar impact on ΔP.
The data in Table 2, further, show that Eq. (7) can achieve the
same (or slightly better) prediction accuracy compared to Eq. (2)
using only half the number of empirical fitting parameters [compare
Eq. (2) with Eq. (7) Approach 6 in Table 2]. Thus, Eq. (7) offers a
much simpler approach for predicting ΔP=L in granular materials
as it only requires one value of A, B, and a regardless of material
type, particle shape, and size. The results indicate that A ≈ 562,
B ≈ 51, and a ≈ 0.7 are suitable as long as the particle-size dis-
tributions of the individual particle-size fractions are uniform. It
is very likely that at least some of the empirical parameters A,
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B, and a depend on the shape of the particle-size distributions
considered, however, moreΔP=Lmeasurements in media with dif-
ferent particle-size distribution shapes, originating from the same
material are needed to verify this.
Conclusions
ΔP as a function of air V was investigated in three different com-
mercially available granular materials, which have very different
particle shapes: crushed granite (very angular particles, low round-
ness); gravel (particles of intermediate roundness); and Leca
(almost spherical particles, high roundness). A total of 21 different
particle-size fractions were considered, with particle sizes ranging
from 2 to 14 mm for each of the three materials.
Overall 1,008 V-ΔP=L measurements have been carried out.
V-ΔP=L followed a second-order polynomial in agreement with
earlier studies. Results showed that ΔP=L decreased with increas-
ing particle size and that it was inversely correlated with active
air-filled porosity. The latter is in contrast to earlier findings for
fine-grained materials such as soils and is likely because the pore
structure for fine-grained materials is very different from coarse-
granular materials used here. Values of ΔP=L generally decreased
with particle roundness. For granite and gravel, ΔP=L was 1.24
and 1.19 times larger than for Leca on average. Differences in
ΔP=L between the three materials were most prominent for the
fractions containing smaller particles. This supports the hypothesis
that at least part of the differences in ΔP observed between the
three materials used here stems from differences in particle shape
(roundness).
An existing model for predicting ΔP=L as a function of V,
developed for Leca, was tested against the V-ΔP=L values mea-
sured in this study, for all three materials. The model performed
relatively well although it had a tendency to underpredict small
and large while overpredicting intermediate ΔP=L values. This
was the case for the three data sets as a whole but also for the indi-
vidual particle-size fractions for each material. Thus, an improved
model for predicting the V-ΔP=L relationship was proposed.
This model was able to yield the same accuracy of V-ΔP=L
predictions as the existing model using only half the number
of model-fitting parameters (three instead of six) and is, thus,
simpler to apply. Results from the modeling further indicated that
the material-specific empirical parameters were related to particle
shape. Further measurements on other materials with a wider
range of particle-size distribution and particle shapes, however,
are required to better understand the relationship between the
V-ΔP=L relationship for a given material and its particle size
distribution, particle shape, and other characteristics such as
particle surface roughness.
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Abstract The cost efficiency of filtration is often asso-
ciated with the filter flow velocity (V) and pressure loss
(ΔP). Knowledge of the V−ΔP relationship for a given
filter medium–fluid combination is therefore necessary
when assessing operation costs. Liquid V−ΔPmeasure-
ments are generally much more time-consuming than
for gases, thus predicting liquid V−ΔP relationships
from corresponding gas data is advantageous. The ob-
jective of this work was to identify the relationship
between air and water pressure gradients during air
and water flow in granular filter media. Three materials:
crushed granite, gravel, and Leca® (an insulation mate-
rial) with very different particle shapes were used.
Twenty-one media with different particle size distribu-
tions were produced from each material (63 in total) and
V−ΔP measurements carried out using air and water.
The results showed that it is indeed possible to predict
liquidV−ΔP relationships from corresponding gasV−ΔP
measurements together with medium physical characteris-
tics. A simple model concept for prediction was proposed.
The results also indicated that it is possible to predict both
gas and liquid V−ΔP relationships in coarse granular filter
media based simply on knowledge about the particle size
distribution and particle shape for the medium in question.
Keywords Pressure loss . Granular filter media . Gas
and liquid flow. Particle size distribution . Particle
shape . Predictive modeling
1 Introduction
Filtration (including biofiltration) is a successful and
widely applied technology for removal of unwanted
compounds and suspended matter, from gases and liq-
uids. Typical application areas are cleaning of air
streams from industrial production, drinking and waste-
water treatment, energy, and animal production. Awide
selection of literature documenting the application of
filtration is available. Examples are O’Neill et al.
(1992), Mohammad and Najar (1997), Cohen-Shoel
et al. (2002), Erhan et al. (2002), Zouboulis et al.
(2002), Den et al. (2004), Wang et al. (2007), Plascak
et al. (2008), Chen and Hoff (2009), Balasubramanian
et al. (2012), He et al. (2012), and Lee et al. (2013).
Filter operation costs are primarily associated with filter
energy consumption, which in turn is controlled by filter
flow velocity (V) and pressure loss (ΔP) across the filter
(Leson and Winer 1991; Scotford et al. 1996; Pugliese
et al. 2013).
Investigations of the V−ΔP relationship in granular
filter media were first carried out by Darcy (1856), who
linked the pressure loss to filter medium permeability
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and proposed a linear relationship between V and ΔP.
Forchheimer (1901) improved the Darcy equation, after
observing a second-order relationship in porous media
at high V. A Forchheimer-based expression was derived
by Ergun (1952), linking pressure loss to medium par-
ticle specific characteristic length (Deq) using a set of
universal empirical constants. Ahmed and Sunada
(1969) introduced a relation involving the properties of
both the fluid and the porous medium based on the
Navier-Stokes equations. Other expressions for the
V−ΔP relationship were proposed by Macdonald
et al. (1979), van Genuchten (1980), Alexander and
Skaggs (1986), and Poulsen and Moldrup (2007).
Common to all these models is that they require
knowledge of theoretical and empirical parameters,
which are strongly dependent on fluid properties and
media physical characteristics (Macdonald et al. 1979),
such as porosity, particle size distribution, and particle
shape (Trussell and Chang 1999). This means that, for
each new medium considered, V−ΔP measurements
are generally necessary in order to use the models,
which reduces their usefulness somewhat. Based on
the Ergun (1952) equation, Andreasen and Poulsen
(2013) proposed a relationship for predicting the
V−ΔP relationship for gas transport in a wide
range of media (particle sizes), which needs only
knowledge of the V−ΔP relationship for one sin-
gle medium as long as all these media consists of
particles with the same shape. The model also
requires that all media have uniform particle size
distributions. There are, however, no requirements
with respect to medium porosity or the range of particle
sizes (including mean particle size) included in each
medium. This model, however, has only been tested
against data for a single material (particle shape), and
further tests to evaluate its applicability to other mate-
rials are therefore required.
Measurements of the V−ΔP relationship for liquids
(Vl−ΔPl) are generally more time-consuming to carry
out than for gases (Vg−ΔPg) (Andreasen et al. 2013).
This is partly because gases flow faster for the same
pressure difference and porous medium, and therefore
achieve steady-state conditions more rapidly, and partly
because the measurement equipment is heavier and
more difficult to handle when it comes to liquids.
Filtration often involves high fluid velocity and conse-
quently inertial forces in the flow field must be taken
into account (Firdaouss et al. 1997; Trussell and Chang
1999; Zeng and Grigg 2006). Based on the experience
by the authors, measurements for liquids (water) at such
flow velocities take six to ten times longer than corre-
sponding gas (air) measurements. Significant time sav-
ings can therefore be achieved if Vl−ΔPl can be deter-
mined from corresponding Vg−ΔPg measurements.
Gas and liquid flow through porous media is con-
trolled by the same parameters and is affected by these
parameters in a similar manner. Several studies have
focused on relating corresponding Vg−ΔPg and
Vl−ΔPl relationships for a given porous medium.
Schjonning (1986) introduced an exponential rela-
tionship relating hydraulic conductivity (kl) and air
permeability (kg), using data from the analysis of
405 undisturbed 100 cm3 soil cores. A similar
relationship was proposed in a later study performed
on 229 undisturbed soil samples (Riley and Ekeberg
1989) and again in another study by Loll et al. (1999)
using 1,614 soil samples from nine soils. Blackwell
et al. (1990) suggested a linear relationship between
kl and kg. The concept of predicting Vl−ΔPl from
Vg−ΔPg for one of the coarse granular materials
(Leca®) as also used here was further investigated
by Andreasen et al. (2013). These authors found for
a large set of particle size fractions with uniform
particle size distribution but different mean particle
diameter and particle size range that empirical con-
stants necessary for their model were independent of
mean diameter and particle size range, but reliant on
the particle shape, and consequently on the used
medium. Despite the fact that most of the existing
studies focus on soils, they clearly show that V−ΔP
for gas and liquid is medium dependent. As filters
generally are made of coarse grained materials, and
the number of studies investigating the V−ΔP rela-
tionship for gases and liquids in granular filter ma-
terials is very limited, more research is required to
investigate the impact of filter medium properties on
fluid flow in these materials.
The objective of this paper is therefore to investigate
the connection between the Vg−ΔPg and Vl−ΔPl rela-
tionships across porous media with a wide range of
particle size distributions, originating frommultiple ma-
terials with different particle shapes. The aim is to
develop an expression for predicting the Vl−ΔPl rela-
tionship from the corresponding Vg−ΔPg relationship
for a given medium, based on a limited number of
parameters. Three materials with particle shapes ranging
from very angular (crushed granite) over intermediate
roundness (gravel) to almost spherical (Leca®) were
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selected. From these materials, a large set of granular
porous media covering a wide range of particle sizes
were produced and used in the analyses. Measurements
were carried out using atmospheric air and water, as they
are inexpensive, readily available, easy to measure, safe
to use, and further represent the majority of filter appli-
cations in practice.
2 Theory
Darcy’s law is traditionally used to describe fluid flow
through porous media, at low velocities. For one-
dimensional fluid flow, through a section of medium
with thickness L (meters), it is given as:
ΔP
L
¼ μ
K
V ð1Þ
where ΔP is the pressure loss across the medium
(Pascals), L is the distance over which the pressure loss
takes place (meters), μ is the fluid viscosity (Pascals per
second), K is the medium intrinsic permeability (square
meters), and V is the superficial fluid velocity (meters
per second) also known as the Darcy velocity, expressed
as:
V ¼ Q
Ac
ð2Þ
Where Q is the volumetric flow (cubic meters per
second) and Ac is the medium cross-sectional area,
perpendicular to the flow direction (square meters).
Equation 1 is only valid for Reynolds numbers (Re)
below approximately 1 (Trussell and Chang 1999),
when flow conditions are laminar and the inertial forces
in the flow field are negligible.
Reynolds number (dimensionless) measures the ratio
between the inertial and the viscous forces for given
flow conditions. For a porous medium, it is defined as:
Re ¼ ρVd
μ
ð3Þ
where ρ is the fluid density (kilograms per cubic meter)
and d is the mean particle diameter (meters). At Re>1
(higher flow velocities), inertial forces are important, the
V−ΔP/L relationship becomes non-linear and Eq. 1 no
longer applies. Several non-linear equations relating V
and ΔP/L in this region of Re have been presented
(Green and Duwez 1951; Cornell and Katz 1953;
Geertsma 1974; Antohe et al. 1997; Lage et al. 1997;
Trussell and Chang 1999), but the most widely used is
the second-order Forchhe imer re la t ionship
(Forchheimer 1901):
ΔP
L
¼ μ
K
V þ ρC f V 2 ð4Þ
where Cf is a form coefficient (per meters) which
depends on the porous medium characteristics.
Equation 4 is valid for both gases and liquids and applies
for 1<Re<100, where the flow is still laminar but iner-
tial effects become increasingly important with increas-
ing Re. Above Re=100 (transition regime), Eq. 4 may
be used to approximate the V−ΔP/L relationship,
although turbulent forces start appearing (Trussell and
Chang 1999; Andreasen and Poulsen 2013).
Ergun (1952) introduced one of the most widely
known and used Forchheimer-based equation, describ-
ing fluid flow in porous media. This semi-empirical
equation is given as:
ΔP
L
¼ A 1−εtotð Þ
2
εptot
D−2eqμV þ B
1−εtotð Þ
εptot
D−1eqρV
2 ð5Þ
where A, B, and p are empirical constants, Deq is an
equivalent particle diameter (meters) and εtot is the total
porosity (cubic meters per cubic meter), expressed as:
εtot ¼ 1−ρbρp
ð6Þ
where ρb is the dry bulk density (kilograms per cubic
meter) and ρp is the particle density (kilograms per cubic
meter). In Eq. 5, the Forchheimer parameters K and Cf
are expressed as:
K ¼ 1
A
εptot
1−εtotð Þ2
D2eq ð7Þ
C f ¼ B 1−εtotð Þεptot
D−1eq ð8Þ
Ergun (1952) suggested universal values of the em-
pirical constants A, B, and p valid for any fluid and
porous medium equal to 150, 1.75, and 3, respectively.
The universal applicability of these values was tested
later by Macdonald et al. (1979), on a large set of flow-
pressure data who found that the constants depended on
particle shape. Values of A, B, and p equal to 180, 1.8,
and 3.6 for smooth particles and 180, 4, and 3.6 for
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rough particles were identified. Macdonald et al. (1979)
used Deq for spherical particles as:
Deq ¼ 1X
i
Y i 6
Vp;i
Ap;i
 −1 ð9Þ
where Yi, Vp,I, and Ap,i are the volumetric fraction, the
particle fraction, and the particle surface area of the ith
particle, respectively. As Eq. 9 is only valid for spherical
particles, an alternative and universal expression for
estimating Deq was considered (Macdonald et al. 1991):
Deq ¼ M 2M 1
 
ð10Þ
where M2 and M1 are the first- and the second-order
moments of the particle size distribution, with
Mi ¼
Z
0
∞
Dipn
i
p Dp
 
dDp ð11Þ
whereMi is the ith moment, Dp
i is the particle diameter,
and np
i (Dp)dDp represents the number of particles with
diameters between Dp
i and Dp
i+dDp.
Andreasen and Poulsen (2013) investigated
Vg–ΔPg/L relationships for a large set of coarse-
grained media with uniform particle size distributions
originating from the same material (Leca®) using the
Ergun (1952) equation. The authors observed thatΔPg/L
in these media was almost independent of air-filled po-
rosity and therefore suggested that ΔPg/L can be pre-
dicted as:
ΔPg
L
¼ AεDeq−2μV þ BεDeq−1ρV 2 ð12Þ
where Deq, Aε, and Bε are expressed as:
Deq ¼ 21
Dm
þ 1
Dmin
ð13Þ
Aε ¼ A 1−εtotð Þ
2
εptot
ð14Þ
Bε ¼ B 1−εtotð Þεptot
ð15Þ
where Dm and Dmin are the mean and minimum particle
diameter (meters) in the uniform particle size distribu-
tion, respectively.
Andreasen et al. (2013) suggested the use of an
empirical constant (f) for air flow (fg) and for water flow
(fl), to enable prediction of Vl–ΔPl/L fromVg–ΔPg/L in
a given granular material (Leca®). For the Leca® mate-
rial used by Andreasen et al. (2013), the values of f
turned out to be independent of the particle size distri-
bution. Thus, to calculate Vl–ΔPl/L for a specific me-
dium by using Eq. 4, Kl and Cf,l were expressed as:
K l ¼ Kg f lf g
 !2
ð16Þ
C f ;l ¼ C f ;g
f g
f l
 
ð17Þ
Pugliese et al. (2013) tested Eq. 12 against gas flow
data from a set of 63 porous media originating from
three different materials and suggested that Deq should
be predicted as:
Deq ¼ 1a
D10
þ 1−a
D60
  ð18Þ
where a is a weighting factor 0<a<1 and D10, D60
(meters) are the particle diameters at which 10 % and
60 % of the material mass consists of particles with a
smaller diameter, respectively. Substituting Eq. 18 in
Eq. 12 yields:
ΔP
L
¼ A 1a
D10
þ 1−aD60
 !−2
μV þ B 1a
D10
þ 1−aD60
 !−1
ρV 2
ð19Þ
3 Materials and Methods
Three commercially available granular materials: (1)
crushed granite, (2) gravel, and (3) Leca® (Light
Expanded Clay Aggregates) were used in the analyses.
The crushed granite has a very angular particle shape
and no internal porosity. Gravel has a more rounded
particle shape and no internal porosity. Leca® consists
of round (in some cases almost spherical) particles
which are highly porous. Most of this internal porosity,
however, consists of closed vesicles and is therefore not
accessible for fluid flow.
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Leca® was acquired from Saint-Gobain Weber A/S,
Randers, Denmark, while gravel and granite were ac-
quired from JM Service, Nørresundby, Denmark. All
three materials were initially sieved into six particle size
fractions with uniform particle size distributions. Each
of these fractions was characterized by a particle size
range (R) of 2 mm, in the range between 2 and 14 mm.
Particle diameters (D) in each fraction were 2≤D<4, 4≤
D<6, 6≤D<8, 8≤D<10, 10≤D<12, and 12≤D<
14 mm, respectively, corresponding to mean particle
diameter (Dm) of 3, 5, 7, 9, 11, and 13 mm, respectively.
Additional particle size fractions with R=4 mm (Dm=4,
6, 8, 10, 12 mm), R=6 mm (Dm=5, 7, 9, 11 mm), R=
8 mm (Dm=6, 8, 10), R=10 mm (Dm=7, 9), and R=
12 mm (Dm=8), with uniform particle size distributions,
were produced by combining appropriate quantities of
the six R=2 mm fractions. Uniform particle size distri-
butions were chosen to ensure well-defined particle size
distributions across all particle size fractions used. A
total of 63 particle size fractions were produced (21 for
each material). Each particle size fraction was packed
into a 100-cm long and 14-cm inner diameter clear
acrylic column. This column diameter was chosen to
avoid effects of preferential flow along the column
walls, which may occur if column diameter is too small,
compared with the average particle diameter (Pugliese
et al. 2012). Packing was done carefully to achieve
homogeneity and reduce variation in terms of bulk
density (ρb) along the length of the column. Columns
were fitted with a polyethylene lid and sealed with a
rubber O-ring at the bottom. A stainless steel mesh with
2-mm openings and 1-mm thickness was installed to
prevent loss of material and to maintain a distance of
10 mm between the lid and the porous medium. Soft
Teflon tubing with an inner diameter of 4 mm was used
to connect system components. The top of the columns
were kept open to the atmosphere.
V–ΔP/L measurements for air flow (Vg–ΔPg/L) in
the 63 media were carried out in an earlier study by
Pugliese et al. (2012). For these measurements, the
bottom of each column was connected to a supply of
compressed atmospheric air via a valve and a precision
ball flow meter (model P450; Porter Instruments).
Corresponding values of V and ΔP across the columns
were measured for V=0.005, 0.010, 0.016, 0.021, 0.032,
0.043, 0.054, and 0.065 m s−1, equal toQ=5, 10, 15, 20,
30, 40, 50, and 60 l min−1, respectively. The relatively
wide Q-range was chosen to get a more reliable deter-
mination of the Vg–ΔPg/L relationships for the different
media. An Alnor AXD 560 digital manometer (Alnor,
Ontario, Canada), connected to the bottom and the top
of the column, was used to measure ΔP. Following the
first round of measurements, all columns were repacked
and measurements repeated a second time. A schematic
of the air flow setup is shown in Fig. 1a.
V–ΔP/L liquid measurements, conducted using wa-
ter (Vl–ΔPl/L) were carried out (in this study) under
constant head conditions. The bottom of each column
was connected to a constant-head water tank, in turn
connected to a water reservoir via a pump (model E BS
5000 PT11 230 V, Flojet, Hoddesdon, UK). The flow
through the column was controlled by changing the
elevation of the constant head tank. Prior to measure-
ments, columns were saturated from the bottom over a
period of 30 min to achieve equilibrium. That this time
period was sufficient was verified several times before
starting the experiments via measurements of the efflu-
ent volume. Values of Vl were determined by collecting
the effluent water from the column over a given period
of time followed by weighing. Corresponding values of
ΔPl/L were determined from the difference in elevation
between the water surface in the constant head tank and
the water level at the top of the saturated column
(Fig. 1b). For each column, one set of Vl–ΔPl/L data
covering eight water flow rates was collected. Columns
were subsequently drained and repacked, and another
set of Vl–ΔPl/L measurements were carried out. For
Leca®, which has a very low ρb, a stainless steel mesh
was also used at the top of the columns to prevent loss of
material via the outlet. A schematic of the water flow
setup is shown in Fig. 1b.
Air and water flow rates were selected to cover
approximately the same range of Reynolds number
(0≤Re≤125). All measuredΔP/L values were corrected
for the empty column pressure loss (with the metal mesh
in place).
When fitting predictive models to the measured data,
fitting accuracy, for both air and water measurements,
was quantified using the root mean square error
(RMSE):
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
X
i¼1
N
ΔP
.
Lmeasured ið Þ−ΔP
.
Lpredicted ið Þ
h i2vuut
ð20Þ
and the relative squared error (RSE), defined as:
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RSE ¼
X
i¼1
N ΔP
.
Lmeasured ið Þ−ΔP
.
Lpredicted ið Þ
 
ΔP
.
Lmeasured ið Þ
2
4
3
5
2
ð21Þ
where ΔP/Lmeasured (i) and ΔP/Lpredicted (i) are the ith
observed and predicted (by the predictive model)ΔP/L
values, respectively, while N is the total number of
measurements (2016). The minimization procedure
was carried out using a non-linear least-square method
(the Solver add-in) in Microsoft Excel.
4 Results and Discussion
The V–ΔP/L and Re–ΔP/L relationships for both air
and water flow all followed second-order expressions in
agreement with Eq. 4.MeasuredRe–ΔP/L relationships
for both air and water flow experiments are shown for
selected particle size fractions for all three materials in
Fig. 2.
Values of Re(=ρVd/μ) range up to 60 and 125 for air
and water measurements, respectively, covering the
laminar (Re<1), Forchheimer (1<Re<100) and part of
the transition (Re≥100) flow regime (Trussell and
Chang 1999). As expected, ΔP/L decreases with
increasing particle size for fixed values of Re (or V)
across all three materials. The reason is that larger
particles results in larger pores which in turn generate
lower resistance to both gas and liquid flow and conse-
quently lower pressure losses. For all particle size frac-
tions and for both gases and liquids, there is a tendency
that ΔP/L depends on the particle shape of the used
material. For air flow (Fig. 2a), granite (the most angular
material) generally exhibits the highestΔP/L values for
fixed Re and particle size distribution (fixed R and Dm).
For water flow (Fig. 2b), however, Leca® (the most
rounded material) shows the highest values of ΔP/L,
although the tendency is much weaker than for the air
flow data. The reason is likely that particle shape affects
the flow field and thus the pressure loss. Because the
flow fields for air and water in the same medium are not
identical (Schjonning 1986; Riley and Ekeberg 1989;
Loll et al. 1999), particle shape does not affect the flow
of the two fluids in the same manner, thus, the differ-
ence. That particle shape (roundness) may affect fluid
transport properties in porous media was documented
by Pugliese et al. (2012) who observed a dependency
between fluid dispersion and roundness, thus,
supporting the findings in Fig. 2. Individual values of
Deq for each of the 63 particle size fractions for both air
and water were determined by fitting Eq. 12 to the
measured data using common optimized values of A
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Fig. 1 Experimental setup measuring the V–ΔP/L relationship in a air and b water measurements
1811, Page 6 of 13 Water Air Soil Pollut (2014) 225:1811
and B across all materials, particle size fractions, and
fluids. Fitting accuracy was calculated using the RSE
(Eq. 21). Optimal values of Deq, for all combinations of
fluid, material, and particle size fraction, are shown in
Fig. 3 as a function ofD10 andD60–D10. Optimal values
of A and B were 553 and 67, respectively.
For all six combinations of fluid and material (parti-
cle shape),Deq increases strongly withD10, and to some
degree also with D60–D10, although this relation is
much weaker than with D10. Andreasen at al. (2013)
found that, for a given material, particles with small
diameters tend to fill the pores between the larger
particles reducing the size of the fluid conducting pores.
Thus, the fluid resistance is mainly controlled by the
smaller particles in the medium which is whyDeq main-
ly depends on the diameter of the smaller particles in
eachmedium andmuch less on the total range of particle
diameters present in each of the 63 particle size fractions
used. Thus, Deq may be viewed as an equivalent diam-
eter of the particles controlling fluid resistance rather
than a representative diameter for all particle sizes in the
medium. For air flow Deq values range from 0.002 to
0.016 m while, for water flow, values range from 0.002
to 0.003 m. This is in agreement with earlier findings of
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Fig. 2 MeasuredΔP/L values as a function of Re for a air and b water flow measurements, for selected particle size fractions for all three
materials
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a
Fig. 3 Contour plots of Deq
(identified by fitting Eq. 12 to
the measured V–ΔP/L data)
as a function ofD10 andD60–
D10, for a air flow in granite,
b water flow in granite, c air
flow in gravel, d water flow
in gravel, e air flow in Leca®,
and f water flow in Leca®
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Schjonning (1986), Riley and Ekeberg (1989), Loll et al.
(1999), and Andreasen et al. (2013), who claim that air
and water velocity profiles are different at the pore scale
and that this is the main cause of the difference in Deq.
Gas slippage has been shown to account for about 10 %
of the differences (Schjonning 1986). In general, the
waterDeq data exhibit more scatter, likely because liquid
V–ΔP relationships are more difficult to measure
accurately.
Values of Deq,l are plotted against Deq,g in Fig. 4. It is
seen that the data for all three materials follow the same
general trend (with the exception of a single measure-
ment for Leca®). An exponential expression was chosen
to model the Deq,l–Deq,g relationship as:
Deq;l ¼ b 1−e −cDeq;gð Þ
 
ð22Þ
where b (meters) (representing the maximum estimated
value of Deq,l) and c (per meter) (controlling the rate of
increase of the estimated relationship) are fitting param-
eters. As optimal values of b for all three materials were
not significantly different, one common value of b but
individual values of c for each of the three materials
were used in the modelling. Optimal values of b, cgranite,
cgravel, and cLeca®, as quantified by the RSE (Eq. 21) for
the data in Fig. 4, were 0.0029 m, 483, 427, and
356 m−1, respectively. It is seen that the value of c is
related to particle shape, such that the most rounded
particles (Leca®) exhibit the lowest value of c. This
again confirms that particle shape does have a marked
influence on fluid flow through porous media. It further
means that, in order to use Eq. 22 for media other than
those considered here, a corresponding value of c must
be determined for those media while a value of b=
0.0029 m seems sufficient. A relationship between c
and particle shape may be developed, however, that will
require additional measurements for several other media
(particle shapes) than those used here.
Optimal fits of Eq. 22 are shown as curves in Fig. 4.
In general, Eq. 22 is able to achieve a good fit to the
data.
The data in Figs. 3 and 4 suggest that, if Deq,g for a
given medium is known, it is possible to calculate the
corresponding Deq,l using Eq. 22 and subsequently the
V–ΔP/L relationship for water using Eq. 12.
The feasibility of predicting Vl–ΔPl/L from the
Vg–ΔPg/L in the same medium was tested using six
different approaches. All approaches are based on
Eq. 12; however, different assumptions are made with
respect to the estimation of parameters A, B, and Deq.
Approach 1 is based on the assumption that the
parameters A, B, and a are identical for both air and
water transport in a given medium and that Deq can be
predicted by Eq. 18. Values of ΔP/L for both air and
water transport were therefore calculated using common
values of A=562, B=51, and a=0.68 as proposed by
Pugliese et al. (2013) based only on gas transport mea-
surements in the same three materials as used in this
study.
In approach 2, Eq. 12 is fitted to the V–ΔP/L data
measured in this study for both air and water transport,
yielding common values ofA, B, and a across all particle
shapes (materials) and fluids.Deq estimation was carried
out using Eq. 18 (Pugliese et al. 2013). Optimal values
of the parameters were identified by minimizing the
RSE.
In approach 3,ΔP/L for both air and water flow were
calculated using the fittedDeq values from Fig. 3 togeth-
er with the optimal common values of A(=553) and B(=
67) determined during the fitting of the Deq values in
Fig. 3. Fitting accuracy was estimated by minimizing
the RSE. This represents a situation where A, B, andDeq
values are known a priori for instance from earlier
measurements.
In approach 4, values of Deq,g were fitted using
Eq. 12 and corresponding values of Deq,l were then
calculated from the Deq,g values using Eq. 22. Values
of ΔP/L for both air and water transport were subse-
quently calculated from the appropriateDeq values using
Eq. 12. One set of common A, B, and b values were used
across all particle shapes, particle size fractions, and
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Fig. 4 Relationships based on Eq. 22 between fitted values of
Deq,g and Deq,l (from Fig. 3 with b=0.0029, cgranite=483, cgravel=
427, and cLeca®=356)
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fluids while individual values of c were used for each of
the three materials. Optimal values of A, B, b, cgranite,
cgravel, and cLeca® were determined by minimizing the
RSE between measured and fittedΔP/L values for both
air and water transport. Approach 4 represents a situa-
tion where measurements of V–ΔP/L for air transport
are available, and corresponding V–ΔP/L data for water
transport are estimated from the air transport
measurements.
In approach 5, Deq,g is estimated using Eq. 18, while
Deq,l is calculated from the estimatedDeq,g using Eq. 22.
ΔP/L values were then estimated for both air and water
using Eq. 12. Optimal values of A, B, a, and b (assumed
identical across all particle shapes, particle size frac-
tions, and fluids) and c (assumed individual for each of
the three materials) were determined by minimizing
RSE between measured and predicted ΔP/L values.
Approach 5 represents a situation where values of A,
B, a, b, and c for the particle shape (for instance via
earlier measurements on a single particle size fraction)
in question are known a priori.
Approach 6 is identical to approach 5 except that
determination of the optimal values of A, B, b, cgranite,
cgravel, and cLeca® was carried out by minimizing the
RMSE (Eq. 20) between measured and fitted ΔP/L
values.
Measured versus fittedΔP/L data, for both fluids and
for each of the six approaches, are shown in Fig. 5. An
overview of the optimal values of the parametersA, B, a,
b, and c for the six approaches is given in Table 1.
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Approach 1 (Fig. 5a) strongly under-predicts ΔPl/L
for almost all 63 media (Table 1). Values of ΔPg/L are
more accurate and shows no bias which is to be expected
as the values of A, B, and a were fitted from the ΔPg/L
data (Pugliese et al. 2013). There is, however, still a fair
amount of scatter in the ΔPg/L data and the approach
overestimates ΔPg/L for Leca® and underestimates
gravel and granite. This clearly shows that this approach
is not capable of taking effects of fluid and medium
properties into account. Approach 2 (Fig. 5b) using A,
B, and a values fitted to both ΔPg/L and ΔPl/L data
improves prediction of ΔPl/L somewhat (Table 1). In
this case, ΔPl/L values are overestimated for the fine-
grained media but underestimated for the coarse-grained
media. For ΔPg/L, the prediction accuracy is somewhat
lower than for approach 1.
Approach 3 (Fig. 5c) yields the best prediction accu-
racy for both ΔPg/L and ΔPl/L. The overall value of
RMSE for both air and water is 8 % and 10 % of those
found for approaches 1 and 2, respectively. This of
course is to be expected as approach 3 is based on
individually fitted values of Deq for each medium and
fluid combination. To use this approach for estimating
both ΔPg/L and ΔPl/L in practice, knowledge of Deq,g
and Deq,l for the medium in question plus the two
empirical constants A and B are required as compared
with three empirical constants (A, B, and a) for approach
1 and 2. Figure 5c, however, does show the importance
of accurate Deq estimates for successful predictions of
ΔPg/L andΔPl/L. Values of A and B can be established
based on measurements of Vg–ΔPg/L and/or Vl–ΔPl/L
in a limited set of media with a given particle shape.
Hereafter, estimates of any Vg–ΔPg/L and Vl–ΔPl/L
value in any other medium with the same particle shape
can be estimated based on a limited set of Vg–ΔPg/L
and Vl–ΔPl measurements in the medium of interest.
Approach 4 (Fig. 5d) where Deq,l is predicted from
fitted Deq,g by Eq. 22 decreases the prediction accuracy
somewhat compared with approach 3 as this approach
only uses individually fitted values of Deq,g together
with six empirical constants (three c values plus A, B,
and b). The total RSE and RMSE for both air and water
measurements, however, are still only about 31 % and
9 % of those for approach 1, respectively (Table 1). This
shows that it is possible to get an accurate estimation of
Vl–ΔPl/L from Vg–ΔPg/L by using Eq. 22 provided
adequate estimates for b and c are available. To use this
approach in practice, knowledge of Deq,g as well as the
empirical parameters A, B, b, and c for the medium in
question is required. Values of A, B, , and c can be
established based on measurements of Vg–ΔPg/L and
Vl–ΔPl/L in a limited set of media with a given particle
shape. Hereafter, estimates of any Vg–ΔPg/L and
Vl–ΔPl/L in any other medium with the same particle
shape can be estimated based on a limited set of
Vg–ΔPg/L measurements in the medium of interest.
Approach 5 (Fig. 5e) based on estimating Deq,g by
Eq. 18 and Deq,l from the estimated Deq,g by Eq. 22
yields prediction accuracies that are comparable to ap-
proach 4 in terms of total RSE (16 % higher) and total
RMSE (6 % lower), although values of RSE and RMSE
for ΔPg/L are somewhat higher than for approach 4
(Table 1). Larger values of ΔPl/L are slightly
overestimated, although still grouped relatively close
together. Approach 5 only uses seven fitting parameters
(A, B, a, b, and three c values). These results show that
the concept of predicting Deq,g from the particle size
distribution alone using Eq. 16 followed by predicting
Table 1 Optimal values of the empirical constants A, B, a, b,
cgranite, cgravel, cLeca®, and evaluation of the prediction accuracy in
terms of the sum of relative (RSE) and root mean square errors
(RMSE) for air and water measurements (2,016 measurements in
total), following six different approaches
Approach A B a b cgranite cgravel cLeca® RSEair RSEwater RSEtotal RMSEair RMSEwater RMSEtotal
1 562 51 0.68 – – – – 15.57 179.02 194.59 38.42 2,615.78 2,654.20
2 460 76 0.57 – – – – 28.43 137.48 165.91 33.83 2,184.61 2,218.44
3 553 67 – – – – – 6.75 3.30 10.05 14.96 203.19 218.15
4 599 58 – 0.0017 340 337 235 5.69 55.22 60.92 25.95 207.58 233.53
5 548 50 0.68 0.0015 326 332 256 15.57 55.16 70.73 13.57 206.88 220.45
6 543 71 0.6 0.0023 332 332 256 30.54 60.09 90.63 11.37 108.48 119.85
For approach 1, values were taken from Pugliese et al. (2013); for approaches 2–5 optimal values were fitted based on RSE (Eq. 21), and for
approach 6, optimal values were fitted based on RMSE (Eq. 20)
1811, Page 10 of 13 Water Air Soil Pollut (2014) 225:1811
Deq,l from the predicted Deq,g data and subsequently
predicting ΔPl/L using Eq. 12 is viable provided ade-
quate estimates of the seven fitting parameters are avail-
able. Values of A, B, a, b, and c can be established based
on measurements of Vg–ΔPg/L and Vl–ΔPl/L in a
limited set of media with a given particle shape.
Hereafter estimates of any Vg–ΔPg/L and Vl–ΔPl/L in
any other medium made with the same particle shape
can be estimated based on knowledge of the particle size
distribution for the medium of interest.
Approach 6 (Fig. 5f) is equivalent to approach 5 but
based on fitting using RMSE rather than RSE of course
yields increased values of RSE and reduced values of
RMSE. The overall value of RSE is about 46 % of that
found in approach 1, but the corresponding RMSE value
is only about 5 % of that found in approach 1. The
advantage of using RMSE in the fitting is that the larger
values of ΔPl/L data are predicted more accurately
(although the prediction of the small values is less
accurate). For ΔPg/L, approach 6 has a weak tendency
to overestimate for Leca® and underestimate for granite
indicating that Deq,g exhibits a weak dependency on the
material properties (for example particle shape). Taking
this dependency into account, however, will likely mean
that additional fitting parameters are needed.
Altogether the data in Fig. 5 and Table 1 shows that it
is possible to predict ΔPl/L from measured ΔPg/L data
with an average error that is less than 26 % of the
measured values based on the RSE provided adequate
model parameters are available for instance from earlier
measurements in media with the same particle shape.
The data also indicate that it may be possible to predict
both ΔPg/L and ΔPl/L solely from the particle size
distribution of the media, although additional data are
required to verify if this is viable. The data in Table 1
further show that, among the model constants A, B, a, b,
and c, at least c seems to be dependent on the particle
shape (but not the particle size distribution) of the me-
dia. In particular, the fitted values of the c parameter for
the three materials were inversely proportional to parti-
cle roundness (φ) as defined by either Pentland (1927)
(φp) or Wadell (1935) (φw). Values of φ for the three
materials used here were determined by Pugliese et al.
(2013) asφp,granite=0.64,φp,gravel=0.65,φp,Leca®=0.80
and φw,granite=0.09, φw,gravel=0.51,φw,Leca®=0.89. It is
seen that c values for approaches 4, 5, and 6 correlate
best withφw. Thus, it seems that particle roundness may
be a useful parameter in the estimation of c and Deq,
although additional data are needed to develop this
further. It is emphasized that the approaches for estimat-
ing ΔPg/L and ΔPl/L discussed here have only been
tested against data for granular media, having uniform
particle size distributions although the media represent-
ed a very wide range of uniform particle size distribu-
tions and particle shapes.
5 Conclusions
In this study, the relationship between air and water
pressure gradients during air and water flow in granular
filter media as well as their relationships with media
properties was investigated, across three coarse granular
porous media (crushed granite, gravel, and Leca®),
having different particle shapes. Values of the air veloc-
ity–air pressure gradient relationship (Vg–ΔPg/L, 1008
measurements) from a previous study (Pugliese et al.
2013), while corresponding values of the water veloci-
ty–water pressure gradient relationship (Vl–ΔPl/L,
1008 measurements) in the same media were carried
out under identical conditions in this study. Under oth-
erwise identical conditions, ΔPg/L values were slightly
greater in granite (the most angular material) and lowest
in Leca® (themost rounded material). In contrast,ΔPl/L
values were highest for Leca® but lower and similar for
granite and gravel. These dependencies on material
type, although small, clearly indicate that particle shape
does not affect the flow of the two fluids in the same
manner.
Several different approaches for predicting the
Vg–ΔPg/L and Vl–ΔPl/L relationships including some
existing approaches based on previously published data
for air flow were evaluated. This evaluation showed that
the existing approaches although adequate for Vg–ΔPg/
L predictions were not able to predict Vl–ΔPl/L which
was to be expected as they have not been developed for
water flow.
Results of the evaluation also showed that it is pos-
sible to predict of Vl–ΔPl/L in a given medium from
corresponding Vg–ΔPg/L measurements in the same
medium with a high degree of accuracy requiring only
four empirical parameters. These can be established
based on measurements of Vg–ΔPg/L and Vl–ΔPl/L
in a limited set of media with the same particle shape.
Hereafter, estimates of any Vg–ΔPg/L and Vl–ΔPl/L
value in any other medium with the same particle shape
can be estimated based on measurements of selected
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Vg–ΔPg/L values in the medium of interest provided the
particle size distributions have the same shape.
Results further showed that it is possible to predict
the Vg–ΔPg/L and Vl–ΔPl/L relationships in any me-
dium with good accuracy based only on knowledge
about the particle size distribution requiring only five
empirical parameters.
Some of the empirical parameters exhibited depen-
dency on material particle shape. This means that im-
proved estimates of parameter values may be achieved
by incorporating effects of particle shape in the estima-
tion procedure. This, however, will require further mea-
surements for materials with a larger range of particle
shapes than considered here. It is noted that, although
the results presented in this study are based on measure-
ments inmultiple materials with different particle shapes
(roundness) and a large set of particle size fractions, all
media used had uniform particle size distributions. To
verify the validity of the estimation approaches present-
ed here also for media with non-uniform particle size
distributions, further investigations are needed.
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Abstract Measurements of solute dispersion in porous
media is generally much more time consuming than gas
dispersion measurements performed under equivalent
conditions. Significant time savings may therefore, be
achieved if solute dispersion coefficients can be estimated
based on measured gas dispersion data. This paper eval-
uates the possibility for estimating solute dispersion
based on gas dispersion measurements. Breakthrough
measurements were carried out at different fluid veloci-
ties (covering the same range in Reynolds number), using
O2 and NaCl as gas and solute tracers, respectively. Three
different, granular porous materials were used: (1)
crushed granite (very angular particles), (2) gravel (parti-
cles of intermediate roundness) and (3) Leca® (almost
spherical particles). For each material, 21 different parti-
cle size fractions were used. Gas and solute dispersion
coefficients were determined by fitting the advection–
dispersion equation to the measured breakthrough curves
and in turn used to calculate gas and solute dispersivities
as a function of mean particle size (Dm) and particle size
range (R) for the 63 particle size fractions considered. The
results show that solute and gas dispersivities are related
and that their ratio depends on both R and Dm. Based on
these observations a simple model for predicting the
dispersivity ratio from Dm and R, was proposed.
Keywords Dispersivity . Gas measurements . Solute
measurements . Particle shape . Particle size range .
Mean particle diameter
1 Introduction
Dispersion of gases and solutes in porous media is a key
mechanism controlling transport of various gaseous or
dissolved compounds in porous media. Examples of gas
phase dispersion arise in processes such as radon migration
into buildings (Wang and Ward 2002), remediation and
movement of volatile contaminants for instance at contam-
inated soil sites (Arands et al. 1997; Gidda et al. 2006;
Atteia and Hohener 2010), sequestration of CO2 in saline
aquifers and depletion of oil and gas reservoirs (White et al.
2003). Gas dispersion also plays an important role in mi-
gration and emission of methane from landfills and wet-
lands (El-Fadel et al. 1997; De Visscher et al. 1999; Liang
et al. 2000; Pangala et al. 2010; Pennock et al. 2010;
Schaufler et al. 2010), and during composting of organic
material in aerated piles (Fukumoto et al. 2003; Thummes
et al. 2007). Solute dispersion is the most important me-
chanics in the propagation of dissolved contaminants, in
both the vadose zone and in groundwater, and knowledge
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about it is crucial when estimating contaminantmigration or
selecting appropriate remediation strategies at a contaminat-
ed site (Gerke and van Genuchten 1996; Thomson et al.
1997; Domenico and Schwartz 1998; Silva and Grifoll
2009; Lewis and Sjostrom 2010).
Gas dispersion in porous media has been studied ex-
tensively since the late 1960s. Examples are Sinclair and
Potter (1965), Evans and Kenney (1966), Edwards and
Richards (1968), Suzuki and Smith (1972), Han et al.
(1985), Coelho and Guedes de Carvalho (1988), Tan and
Liou (1989), Popovicova and Brusseau (1997), Costanza-
Robinson and Brusseau (2002), Poulsen et al. (2008),
Sharma and Poulsen (2010) and Pugliese et al. (2012).
Solute dispersion in porous media has been studied since
about 1950. Examples are Bear (1961), Whitaker (1967),
Greenkor and Kessler (1969), Rose (1973), Scheidegger
(1974), Brenner (1980), Brusseau (1993). Delgado (2006)
has published an excellent review of the existing knowl-
edge about dispersion of gases and solutes in homoge-
neous porous media.
Both gas and solute dispersion generally increases with
fluid phase velocity, distance travelled, porous medium
particle size range, anisotropy ratio, and pore system tor-
tuosity as confirmed by several earlier studies referred in
Delgado (2006), but it is also in agreement with more
recent studies such as Gidda et al. (2006), Bromly et al.
(2007), Poulsen et al. (2008), and Sharma and Poulsen
(2010). Pugliese et al. (2012) observed that dispersion
depends on particle shape. In general, it is agreed that
gas and solute dispersion are controlled by the same
parameters and that they are affected in a similar manner.
For an equal pressure gradient, gases travel much faster
than liquids through a given porousmedium. It is therefore
generally much faster and easier to measure gas dispersion
compared to solutes. Solute dispersion measurements, in
coarse-grainedmaterials such as sand, usually take 10–100
times longer than gas dispersion measurements performed
under identical conditions. In finer materials, such as fine
sand or silt, this difference will be even larger. As gas and
solute dispersion in porous media are controlled by the
same parameters they are likely related. Knowledge of this
relation will allow estimating solute dispersion coefficients
based on gas dispersion measurements in the same medi-
um which will result in considerable time savings. The
main problem in establishing a relationship between gas
and solute dispersion is the difference in flow pattern
between gases and liquids in porous media. This has been
documented by Schjonning (1986), and Loll et al. (1999),
who showed that intrinsic gas permeability can be orders
of magnitude larger than liquid permeability, depending on
porous medium characteristics.
To the knowledge of the authors, however, no studies
presenting corresponding measurements of gas and liq-
uid dispersion coefficients under identical conditions,
have been published. Thus, knowledge of the link be-
tween gas and solute dispersion is at present very limited.
The goal of this paper was, therefore, to measure
corresponding gas and solute dispersion coefficients in
granular porous media, and to identify a possible con-
nection between them. Measurements were performed
under identical conditions, using oxygen and chloride as
gas and solute tracers, respectively. These tracers were
chosen as they are simple and inexpensive to measure,
and safe to use. Dispersion coefficients were measured
in three different media: (1) crushed granite (very angu-
lar particles), (2) gravel (particles of intermediate round-
ness), and (3) light expanded clay aggregates (Leca®)
(almost spherical particles). For each of the three mate-
rials, 21 different particle size fractions were considered.
2 Theory
Gas and solute transport in porous media is traditionally
described by the advection dispersion equation (ADE).
For one-dimensional transport of a conservative tracer, in
homogeneous porous medium, assuming uniform flow
and dispersion, and the presence of both a mobile and a
stagnant (immobile) fluid phase, the ADE is given as:
∂Cm
∂t
¼ D ∂
2Cm
∂x2
þ u ∂Cm
∂x
; ð1Þ
where Cm is the tracer concentrations in the mobile fluid
phases (ML−3), D is the overall dispersion–diffusion
coefficient (L2T−1) which takes into account effects of
molecular diffusion, mechanical dispersion, and fluid
mixing in the tubing leading the fluid to and from the
column (Poulsen et al. 2008), u is the pore fluid velocity
(interstitial velocity) of the mobile phase (LT−1), and x
and t are the space (L) and time (T) variables. In this
study, nomass transfer between the mobile and immobile
fluid phases was assumed (Sharma and Poulsen 2010).
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The immobile fluid phase content and the fluid pore
velocity were calculated as:
εim ¼ εtot−εm ð2Þ
u ¼ − Q
Aεm
ð3Þ
where εm and εim are the mobile and immobile volu-
metric phase contents (L3L−3) in the porous medium,
respectively, εtot represents the total fluid-filled poros-
ity (assumed equal to medium total porosity), Q is the
applied volumetric fluid flow rate (L3T−1), and A is the
column cross-sectional area (L2) perpendicular to the
fluid flow direction. The diffusion/dispersion coeffi-
cient D can be expressed as:
D ¼ Dmol þ Dmech þ Dmix ð4Þ
where Dmol represents the contribution by molecular
diffusion, Dmech is the contribution from mechanical
dispersion and Dmix is the contribution from fluid
mixing in the tubing leading to and from the porous
medium column. Dmix is controlled by the experimen-
tal apparatus geometry and can be minimized by re-
ducing the travel distances from the tracer injection
point to the inlet of the porous medium column and
from the outlet to the concentration measurement
point. For solute transport, Dmol and Dmix are generally
very small compared to Dmech, while for gases both
Dmol and Dmech can be significant. It is well-known
(Poulsen et al. 2008; Hamamoto et al. 2009; Hunt and
Skinner 2010; Sharma and Poulsen 2010) that Dmech
increases linearly with increasing fluid pore velocity,
except at very low velocities. For a one-dimensional
configuration, Dmech is expressed as:
Dmech ¼ ua; ð5Þ
where α is the tracer mechanical dispersivity (longitu-
dinal dispersivity) in the mobile fluid phase (L). Com-
bining Eqs. (4) and (5) yields:
D ¼ Dmol þ uαþ Dmix˙ ð6Þ
A plot ofD versus u for high flow velocities yields a
straight line, identified by the slope α and the intercept
Dmol + Dmix (Poulsen et al. 2008).
The measured breakthrough curves were fitted to
Eqs. (1), (2), (3), (4) by optimizing the values of D and
εm. Initial and boundary conditions for the gas trans-
port simulation were:
Initial condition t ¼ 0; x ≥ 0 C ¼ 20:9%O2 ð7aÞ
Boundary condition
0 < t ≤ t1;x ¼ 0 C ¼ 20:9%O2
t1 < t ≤ t2; x ¼ 0 C ¼ 0%O2
t > t2; x ¼ 0 C ¼ 20:9%O2
ð7bÞ
For the solute transport, the corresponding initial
and boundary conditions were:
Initial condition t ¼ 0; x ≥ 0 C ¼ 0 ð8aÞ
Boundary condition t > 0; x ¼ 0 C ¼ C0 ð8bÞ
where t1 and t2 are the points in time where the input
gas was switched from air to nitrogen and vice versa.
Equations (1)–(3) were solved using an explicit finite
difference method, corrected for numerical dispersion.
Optimum values of D and εm, for each of the 96 mea-
sured gas and liquid breakthrough curves (values for gas
measurements in gravel and Leca® were taken from a
previous study), were determined by minimizing the
sum of squared errors (SSE) between measured effluent
tracer concentrations and corresponding tracer concen-
tration values predicted by the numerical model as:
SSE ¼
Xtmax
t¼0 Cmeasured tð Þ−Cpredicted tð Þ
 2
; ð9Þ
where Cmeasured (t) and Cpredicted (t) are the observed and
predicted (by the model) effluent tracer concentration at
time, t, respectively, while tmax is the time at which each
individual experiment was terminated. The minimiza-
tion procedure was carried out using a nonlinear least
square method.
Particle shape can be characterized by particle
roundness. Two very widely applied approaches, used
to describe this physical particle characteristic, are
those of Pentland (1927) and Wadell (1935). Pentland
(1927) defined the roundness as:
φp ¼
ω
ωp
; ð10Þ
where φp (≤ 1) is roundness (dimensionless) based on
Pentland (1927), ω is the cross-sectional or projection
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area of the grain (L2) and ωp is the area of the circle
having the largest diameter of the grain projection (L2).
The orientation of the particles is not definite.
Wadell (1935) defined roundness as:
φw ¼
NX
N
R
rN
  ; ð11Þ
where φw denotes the total degree of roundness
(dimensionless), N is the number of corners in the
given projection plane of the particle, ℛ the radius
of the largest inscribed circle (L) and r the radius of the
inscribed circle of the Nth corner of the particle in the
projection plane (Pugliese et al. 2013).
3 Materials and Methods
Measurements of Dmech were performed on three nat-
ural and commercially available media: (1) crushed
granite, (2) gravel, and (3) Leca®. The crushed granite
is characterized by an irregular and very angular parti-
cle shape, gravel consists of somewhat rounded rock
fragments and Leca® consists of rounded particles.
Granite and gravel does not have any internal porosity
(single porosity material), while Leca® consists of
highly porous particles (double porosity material) al-
though this internal porosity is inaccessible by air as it
consists of closed vesicles very much like soap foam.
All three materials were initially sieved into six parti-
cle size fractions with uniform particle size distributions.
Each of these fractions was characterized by a particle
size range (R) of 2 mm, in the range between 2 and
14 mm. Particle diameters (D) were 2≤D<4, 4≤D<6,
6≤D<8, 8≤D<10, 10≤D<12, and 12≤D<14 mm corre-
sponding to mean particle diameter (Dm) of 3, 5, 7, 9, 11,
and 13 mm respectively. Additional fractions with
R=4 mm (Dm=4, 6, 8, 10, 12 mm), R=6 mm (Dm=5, 7,
9, 11 mm), R=8mm (Dm=6, 8, 10), R=10mm (Dm=7, 9),
and R=12 mm (Dm=8), with uniform particle distribu-
tions, were produced by combining appropriate quanti-
ties of the six R=2 mm fractions. Uniform particle size
distributions were chosen to ensure well defined particle
size distributions across all particle size fractions used. A
total of 63 particle size fractions were produced (21
fractions for each material).
Media were packed into 100-cm long and 14-cm
inner diameter acrylic columns, taking care to reduce
variations and differences in the packing density of
each column. A stainless steel mesh with 2-mm open-
ings and 1-mm thickness was installed at both ends of
the columns, to support and prevent movements of the
media. Polyethylene lids sealed using rubber O-rings
were used at both ends. Soft Teflon tubing with an
inner diameter of 4 mm was used to connect each
component of the system. Different sets of flow rates
were applied for both gas and solute dispersion exper-
iments, in order to obtain comparable results for each
fluid covering the same range of Reynolds numbers
(Re = ρVd/μ) (0.004≤Re≤2.13).
Gas dispersion measurements were carried out for
granite following the approach of Poulsen et al. (2008).
The inlet (at the bottom) end of each column was
connected to an air/nitrogen supply via a three-way valve
and a precision ball flow meter (model F150, Porter
Instruments, Inc., Hatfield, PA) to control gas flow rate.
The outlet lid was equipped with an oxygen sensor (KE-
12 galvanic oxygen electrode, GS Yuasa Power Supply
Ltd., Japan) with a 5-s response time for determination of
effluent oxygen concentrations. Readings from the oxy-
gen sensor (sampling every 5 s) were recorded by a data
logger (CR-1000, Campbell Scientific, Logan, UT). At-
mospheric air and nitrogen were used as tracer gases. A
scheme of the experimental setup is shown in Fig. 1a,
while details are given in Poulsen et al. (2008).
Columns were initially saturated with atmospheric air
(78 % N2 and 21 % O2), and the flow adjusted to the
desired values. Once the effluent O2 concentration was
stable, the inlet gas was switched to N2. Care was taken to
make sure that gas flow remained constant during the
switch. A constant flow of N2 was maintained until the
effluent O2 concentration reached zero. After that, the gas
supplywas switched back to atmospheric air and the flow
maintained until a stable O2 concentration was once
again observed. Oxygen and nitrogen breakthrough
curves were measured in duplicate for granite, at gas flow
rates of 0.2, 0.5, 1.0, 1.5, 2.0, and 2.3 L/min. Gas disper-
sion data for gravel and Leca® measured using an iden-
tical procedure, were taken from a previous study
(Sharma and Poulsen 2010). All experiments were car-
ried out in duplicates.
For the solute dispersion measurements, the inlet (at the
bottom) of the columnwas connected to a peristaltic pump
(model PD 5101, Heidolf). The outlet was connected to a
measuring tube holding 12 mL of liquid, equipped with a
TETRACON 325 conductometer. A scheme of the exper-
imental setup is shown in Fig. 1b.
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The columnwas initially saturated with demineralized
water, after which NaCl solution of 5 g L−1 was injected
continuously at a specific flow rate. Effluent NaCl con-
centration was measured every 10 s. Experiments were
carried out for all three materials at flow rates of 0.015,
0.05, 0.075, 0.1, 0.125, 0.15 L/min, and terminated when
inlet and outlet NaCl concentrations were identical. Mea-
surements were conducted for all three porous materials,
but only for nine out of 21 particle size fractions for each
material as solute dispersion measurements are much
more time consuming to carry out than gas dispersion
measurements (about 12 times). All experiments were
carried out in duplicates.
4 Results and Discussion
For all particle size fractions values ofD (=Dmol +Dmech
+ Dmix) increased with u. This was the case for both gas
(63 particle size fractions) and solute (27 particle size
To data
logger
Effluent
Porous 
media
Fine steel 
mesh
Air supply
N2 supply
Flow control 
valves
Porous 
media
Fine steel 
mesh
Peristaltic 
pump
Conductivity 
sensor
Effluent
NaCl 
solution
(a) (b)
Fig. 1 Experimental setup for a gas dispersion and b solute dispersion measurements
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Fig. 2 Calculated values of D from selected gas dispersion measurements in a granite, b gravel, c Leca®, and from selected solute
measurements in d granite, e gravel, f Leca®, as a function of pore fluid velocity (u)
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fractions). Values of D as a function of u are shown, for
both gas and solute measurements, in Fig. 2.
Values of D for gas transport (Fig. 2a, b, and c) are
larger compared to solute transport. On average, values
ofD for gas transport were 20–30 times higher compared
to solute transport for identical values of Re. For gas
dispersion, the u–D relationship follows a consistent
linear trend for u>5×10−4 m s−1. Below this velocity the
trend is less clear as there is considerable scatter in the gas
dispersion data. This could be because the contribution
by Dmech becomes small compared to Dmol, making it
difficult to get a consistent and accurate determination of
Dmech. Trend lines intercept the D axes at approximately
12×10−6 (m2/s) indicating that Dmol has this value. For
solute dispersion, the relationship between u–D is also
linear for u>5×10−5 (m s−1). Below this velocity, the
measurements clearly show that the relationship does
not follow the linear trend as the slope of the u–D
relationship approaches zero in this region. This may
very well also be the case for gas dispersion; however,
there is too much scatter in the data to assess if that is the
case. The u–D relationships for chloride measurements
intercepts the D-axis at a value close to zero, indicating
that for the chloride transport Dmol is very small which is
in agreement with earlier literature. Values of longitudinal
dispersivity, α, were determined for each of the six
Table 1 Physical properties of the porous media fractions used in gas and solute dispersion measurements used in this study
Size range (mm) Granite Gravel Leca (R)
φp φw φp φw φp φw
0.64a 0.09a 0.65a 0.51a 0.80a 0.89a
ρb
(g/cm3)
αg
(mm)
αs
(mm)
αg/αs
(mm)
ρb
(g/cm3)
αg
(mm)
αs
(mm)
αg/αs
(mm)
ρb
(g/cm3)
αg
(mm)
αs
(mm)
αg/αs
(mm)
2_4 1.51 6.4 3.0 2.2 1.55b 3.8b 6.4 0.6 0.33 9.7b 7.10 1.4
4_6 1.55 4.4 1.54b 4.6b 0.29 11.4b
6_8 1.52 4.4 3.3 1.3 1.54b 5.1b 5.6 0.9 0.25 12.9b 7.40 1.7
8_10 1.48 5.2 3.2 1.6 1.55b 6.1b 2.7 2.3 0.25 14.3b 7.30 2.0
10_12 1.46 6.0 1.55b 11.8b 0.24 27.4b
12_14 1.47 6.5 1.9 3.5 1.55b 9.4b 2.8 3.4 0.23 22.1b 6.10 3.6
2_6 1.53 7.8 1.54b 7.9b 0.31 9.0b
4_8 1.50 5.0 1.53b 10.0b 0.27 8.9b
6_10 1.53 5.1 3.7 1.4 1.54b 9.1b 6.0 1.5 0.25 11.7b 7.70 1.5
8_12 1.49 5.3 1.56b 7.1b 0.24 20.1b
10_14 1.46 6.3 1.55b 7.8b 0.24 20.5b
2_8 1.55 10.4 4.0 2.6 1.56b 12.4b 5.4 2.3 0.29 9.8b 7.90 1.2
4_10 1.50 5.6 1.54b 13.4b 0.26 11.6b
6_12 1.48 5.6 1.55b 7.8b 0.24 14.4b
8_14 1.49 6.4 2.5 2.6 1.56b 10.7b 3.6 3.0 0.24 18.1b 8.00 2.3
2_10 1.54 12.7 1.59b 18.8b 0.27 15.5b
4_12 2.52 7.0 3.9 1.8 1.58b 18.0b 4.7 3.8 0.26 15.1b 9.60 1.6
6_14 1.52 6.1 1.56b 13.2b 0.24 19.0b
2_12 1.55 12.8 1.58b 20.8b 0.27 23.1b
4_14 1.53 9.5 1.59b 20.3b 0.25 19.7b
2_14 1.54 13.7 6.7 2.1 1.61b 25.5b 7.9 3.2 0.26 23.9b 10.30 2.3
Particle roundness (Pentland 1927), φp, (Wadell 1935), φw; bulk density, ρb; gas dispersivity, αg; and solute dispersivity, αs
a Pugliese et al. (2013)
b Sharma and Poulsen (2010)
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combinations of fluid type and media used, as the slopes
of the linear parts of the u–D relationships in Fig. 2. The
resulting gas dispersivities, αg, and solute dispersivities,
αs, values are shown in Table 1. Dispersivity values were
generally highest for Leca®, lower for gravel and lowest
for granite. This is evident from Fig. 3 that shows the
cumulative probability distributions for the difference
(residual) in dispersivity values for identical particle size
distributions for the three possible material pairs
(αLeca®–αgranite, αgravel–αgranite, αLeca®–αgravel) for both
gas and solute dispersion. The significance of the differ-
ence between the three materials, with respect to
dispersivity, was evaluated by testing if the average re-
sidual for each material pair was larger than zero using
the Mann–Whitney (Mann and Whitney 1947). The
results revealed that the following relationships were
significant at the 95 % confidence level: αg,Leca® >
αg,granite, αg,gravel > αg,granite and αs,Leca > αs,gravel >
αs,granite for solute dispersion. Although αgravel generally
is higher than αgranite for gas dispersion (Fig. 3b), the
difference between these two materials for gas dispersion
was not found significant at the 95 % confidence level.
Despite this, there seems to be a very strong tenden-
cy that dispersivity is highest for Leca® and lowest for
granite, indicating that particle shape does have a
strong influence on dispersivity. Pugliese et al. (2013)
determined the roundness (φ) for the three materials
used in this study using the Pentland (1927), φp, and
the Wadell (1935), φw, relationships (Eqs. (10) and
(11), respectively). The φ values are shown in Table 1
for each material. It is seen that dispersivity generally
increases with increasing φ especially for φw, again
suggesting that particle shape is important in control-
ling gas and solute dispersivity.
Values ofα for each of the threematerials as a function
of particle size range (R) and mean particle diameter (Dm)
are shown in Fig. 4, for both gas and solute dispersion.
For all three materials both gas and solute dispersivity
tends to increase with increasing values of R. This sug-
gests that increasing R causes an increasing variability of
the length of pathways through the pore networkwhich in
turn causes increasing dispersion as also discussed by
Sharma and Poulsen (2010) and Pugliese et al. (2012).
The α - Dm relationship is somewhat more complex
across the six combinations of material and fluid, and
there is no clear trend. For most of the combinations, α
tends to be somewhat larger for small values of Dm (for
fixed values of R) although this trend is relatively weak.
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cal particle size fractions for
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and Leca®–granite (αg), c
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Overall, the results indicate that dispersivity is strongly
related to the width of the particle size distribution of the
medium and the shape of the particles (φ), while the
impact of particle size (Dm) is somewhat less marked.
Figure 5 shows the ratio between gas and solute
dispersivity, αg/αs, as a function of Dm and R, for the
three materials. Values of αg/αs for granite ranges
between about 1 and 4 with gravel exhibiting the
largest range. The reason why αg/αs is much smaller
than the corresponding D ratio is that Dmol for gas is
orders of magnitude larger than for solute resulting in
large D ratios especially at low velocities. In general,
αg/αs tends to increase with increasing Dm and R
although the trends are relatively weak and there is
considerable scatter in the data. The scatter is likely a
result of the relatively few data points available.
In general, the ranges of αg/αs for the three materials
are very similar and not significantly different on the
95 % confidence level as tested using ANOVA. Thus,
despite the strong dependency of both αg and αs on φ
their ratio appears independent of particle roundness.
As the ratio αg/αs depends on both Dm and R in a
nonlinear manner it was chosen here to model this
dependency using an empirical exponential relationship.
(a)
(e)
(d)(c)
(b)
(f)
Fig. 4 Contour plots of
dispersivity (α) as a func-
tion of mean particle diame-
ter (Dm) and particle size
range (R) for a αg,granite, b
αs,granite, c αg,gravel, d
αs,gravel, e αg,Leca®, and f
αs,Leca®
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Exponential functions are widely applied in science to
describe a wide variety of relationships. The following
empirical expression for modelling the dependency of
αg/αs on Dm and R model was selected:
αg
αs
¼ A eBR þ eCDm ; ð12Þ
where A, B, andC are empirical constants. Equation (12)
was fitted to the αg/αs data for all three materials using
five different approaches: (1) values of A, B, and Cwere
fitted individually for eachmaterial, (2) a common value
of A across all three materials and individual values of B
and C for each material were fitted, (3) common values
of A and C across all three materials and individual
values of B for each material were fitted, (4) common
values of A and B across all three materials, and indi-
vidual values of C for each material were fitted, and (5)
common values of A, B, and C were fitted across all
three materials. Measured and fitted values of αg/αs
using approach 1 are shown in Fig. 6 and values of
parameters A, B, and C for all five approaches are given
in Table 2.
Fitting accuracy was quantified using the mean
squared error (MSE), defined as:
MSE ¼ 1
N
XN
i
αg=αs
 
measured− αg=αs
 
calculated
 	2
ð13Þ
MSE values for all five fitting approaches are also
given in Table 2. The MSE values are very similar for
approaches 1–3, indicating that coefficients A and C
are independent of the medium used. In contrast, MSE
increases by about 50 % when using a common value
of B indicating that this coefficient at least, to some
(a)
(b)
(c)
Fig. 5 Contour plot of dispersivity ratio, αg/αs, as a function of
mean particle diameter (Dm) and particle size range (R) for a
granite, b gravel, and c Leca®
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Fig. 6 Measured and predicted (using Eq. (12)) values of αg/αs,
using individual values of A, B, and C for each of the three
materials (approach 1)
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degree, is medium dependent and, thus, different for
each of three materials.
Figure 6, however, indicates that most of the MSE is
related to a limited number of measurements and that the
fit in general is able to mimic the αg/αs–R–Dm relation-
ship regardless of which of the five approaches in Table 2
that is used.
We therefore suggest, that until more knowledge
about the relation between B and medium characteris-
tics becomes available, values of A=0.4, B=0.1, and
C=0.15 are used for estimating the αg/αs–R–Dm rela-
tionship in granular porous media. It is emphasized that
these values have only been verified valid for the
particle sizes used in this study.
Overall, the results indicate that solute dispersion
coefficients in natural porous media may be predicted
using gas dispersion measurements although the rela-
tionship is not simple and straightforward. To achieve a
better understanding of the relationship and its depen-
dency on porous medium characteristics, additional
measurements of gas and solute dispersion in a wider
range of porous media are required.
5 Conclusions
Gas and solute dispersion in porousmaterials was analysed
using tracer breakthrough data from three commercially
available media: (1) crushed granite, (2) gravel, and (3)
light expanded clay aggregates (Leca®). A total of 63
particle size fractions were produced (21 fractions for each
material), having particle sizes of 2–14mm.Gas and solute
transport measurements were performed at the same range
of Reynolds numbers, 0.004≤Re≤2.13. Overall, 126 gas
and 54 solute tracer breakthrough curves were used in the
analyses.
Gas dispersion coefficients were generally larger
than for solute. Both gas and solute dispersion coeffi-
cients exhibited the well-known linear increase with
fluid pore velocity, except at very low fluid velocities.
Gas and solute dispersivity (α), determined as the
slopes of the linear parts of the u–D relationships, were
generally highest for Leca®, lower for gravel, and
lowest for granite. As the particle roundness for the
three materials follows the same succession, this sug-
gests that α is strongly related to medium particle
shape. Results across all three media further indicate
that α is strongly related to the width of the particle size
distribution (R) and, to a lesser degree, of the actual
mean particle diameter (Dm).
In contrast, the ratio between gas and solute
dispersivity (αg/αs) did not exhibit a strong relation-
ship with particle shape (roundness) but instead
depended on Dm and R. Based on these observations,
an empirical expression for predicting the dispersivity
ratio (αg/αs) from Dm and R was suggested. This
expression uses three empirical constants and was
fitted to the αg/αs data using different approaches.
The results indicate that at least two of the empirical
constants are not medium dependent. As the expres-
sion was developed using data frommedia that are very
different with respect to particle size distribution and
particle shape, the results are likely robust; however, as
the particle size distribution (uniform) and the types of
material used here (three) are relatively limited further
measurements using materials with a wider range of
particle shapes and particle size distributions, are nec-
essary to verify the findings.
Table 2 Optimal values of the
empirical constants A, B, and C
in Eq. (12), using different fitting
approaches
Parameters Approach 1 Approach 2 Approach 3 Approach 4 Approach 5
Agranite 0.61 0.42 0.44 0.41 0.40
Agravel 0.37
ALeca® 0.37
Bgranite 0.02 0.07 0.05 0.10 0.10
Bgravel 0.05 0.14 0.14
BLeca® 0.16 0.02 0.02
Cgranite 0.10 0.14 0.14 0.14 0.15
Cgravel 0.16 0.14 0.16
CLeca® 0.16 0.15 0.14
MSEtotal 0.24 0.25 0.25 0.32 0.34
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Abstract Breakthrough data for solute tracer transport
at different velocities, covering a wide range of particle
sizes and particle shapes corresponding to 324 break-
through curves, were used in this study. Analysis was
carried out for three granular porous media: crushed
granite, gravel, and Leca® (a commercial insulation
material). Mobile–immobile phase (MIM) solute trans-
port parameters (dispersivity, mass transfer, and mobile
(active) porosity) for non-equilibrium mass transport
were determined for each breakthrough curve by fitting
a MIM solute transport model to the breakthrough data.
The resulting set of solute transport parameters was
correlated with porous medium physical properties (par-
ticle size distribution and particle shape) to establish a
set of simple expressions for estimating the MIM solute
transport parameters. Linear expressions for predicting
the solute dispersivity, mass transfer, and mobile phase
porosity from porous medium particle size distribution
(mean particle diameter and width of particle size dis-
tribution) and particle shape were developed based on
regression analysis. A partial validation of these expres-
sions indicated that the developed expressions are able
to accurately predict solute transport parameters from
porous medium physical properties.
Keywords Solute breakthrough tailing .
Non-equilibrium solute transport . Particle size
distribution . Particle shape .Mass transfer coefficient .
Solute dispersivity
1 Introduction
Solute transport in porous media is important for a wide
range of applications such as groundwater and soil
remediation, salt water intrusion, petroleum oil produc-
tion in oilfields, containment of contaminant plumes,
regeneration of reactive beds, drinking water purifica-
tion, and wastewater treatment. Common to all these
applications is the need to develop numerical solutions
able to describe the transport mechanisms in all their
complexity.
A broad range of models for simulating solute trans-
port in porous media was introduced over the last de-
cades. Initially, studies considered the medium as con-
stituted by a unique (single) porous region (Coats and
Smith 1964; Van Genuchten and Wierenga 1976;
Cameron and Klute 1977; Rao et al. 1980; Zhang and
Water Air Soil Pollut  (2015) 226:59 
DOI 10.1007/s11270-015-2353-2
L. Pugliese (*)
Department of Chemistry, Biotechnology and Environmental
Engineering, Aalborg University, 57 Sohngaardsholmsvej,
9000 Aalborg, Denmark
e-mail: Lorenzo.Pugliese@agro.au.dk
S. Straface
Department of Environmental and Chemical Engineering,
University of Calabria, Via P. Bucci 42B, 87036Arcavacata di
Rende, Cosenza, Italy
B. M. Trujillo
Faculty of Engineering, National University of Chimborazo,
Km 1, 5 Via Guano, Riobamba, Ecuador
T. G. Poulsen
Department of Civil Engineering, Xi’an Jiaotong-Liverpool
University, 111 Ren Ai Road, Suzhou 215123 Jiangsu, China
Brusseau 1999; Harvey and Gorelick 2000; Gao et al.
2013). Later, this approach was found to be insufficient
to reproduce features of preferential flow and transport,
caused by non-equilibrium conditions (Brusseau and
Rao 1990; Arora et al. 2011). Therefore, porous media
were considered as a collection of overlapping mobile
and immobile pore subregions, each characterized by
their own transport parameters (including porosity).
Immobile subregions cause solute storage and delays
in solute movement toward mobile subregions, resulting
in tailing in overall solute breakthrough. Examples of
studies using multiporosity models are those of Valocchi
(1990), Haggerty and Gorelick (1995), Ahn et al.
(1996), Cunningham and Roberts (1998), Kauffman
et al. (1998), and Hollenbeck et al. (1999). The simplest
version of the multiporosity model is the dual-porosity
model, which considers the medium as a dual-porosity
(dual subregions) system constituted of one mobile and
one immobile pore regions.
Several studies (Ball and Roberts 1991; Pedit and
Miller 1995; Haggerty and Gorelick 1998; Hollenbeck
et al. 1999; Haggerty et al. 2000; McKenna et al. 2001)
have shown that multiporosity models can achieve bet-
ter predictions of measured breakthrough data compared
to single-porosity models. A performance evaluation of
continuum-scale models was carried out for soil col-
umns by Arora et al. (2011). Results confirmed that
increasing model complexity improves accuracy of the
system dynamics, including depth profiles, temporal
trends, and breakthrough curves (BTCs). Multiporosity
models, however, require more (fitting) parameters
compared to single-porosity models, depending on the
number of subregions considered. Moreover,
multiporosity models generate difficulties in achieving
unique and consistent values of these fitting parameters
based onmeasured breakthrough data, as several param-
eter value combinations may give a good fit to the data.
There is thus a need to attain both good prediction of
measured data and correct estimation of the model pa-
rameters. Improved consistency may be achieved if the
values of the parameters for non-equilibrium transport
could be linked to the properties of the porous medium
(such as particle size and shape). At present, to the
knowledge of the authors, there are no experimental
studies on solutes in the published literature attempting
to solve these issues for granular media.
The mobile–immobile model (MIM) is a dual-
porosity model, which accounts for early arrival and
tailing during fluid (gas or solute) transport in porous
media (Gao et al. 2010). TheMIM has been increasingly
used over the last decades to describe transport in porous
media. Examples are those of Nielsen et al. (1986),
Koch and Fluhler (1993), Piquemal (1993), Haggerty
and Gorelick (1995), Knabner et al. (1996), Griffioen
et al. (1998), Casey et al. (1999), Van Beinum et al.
(2000), Jiang et al. (2010), and Gao et al. (2012). The
majority of MIM studies are related to solute transport,
and only a limited body of literature on MIM applica-
tions for gas transport is available. Despite this, relation-
ships between MIM transport parameters and porous
medium characteristics such as particle size distribution
and particle shape are mainly available for gas transport,
likely because gas transport experiments are much less
time-consuming to carry out compared to solute trans-
port experiments. Results from Sharma and Poulsen
(2009) showed that the immobile gas volume decreases
with increasing velocity and increases with increasing
water content. Effects of particle size distribution on
MIM gas transport parameters were not addressed. In
Sharma and Poulsen (2010b), the same authors investi-
gated dispersion in two different granular materials and
observed a strong relationship between gas dispersion
and mean particle diameter or particle size range (width
of particle size distribution), although no dependency of
the mobile gas content on mean particle diameter or
particle size range was found. Pugliese et al. (2012)
utilized the MIM to investigate gas transport parameters
in three granular porous media with different particle
shapes and observed a strong dependency of gas trans-
port parameters on particle shape. As gas and solute
transport in porous media are controlled by the same
mechanisms, the above findings for gas transport indi-
cate that MIM transport parameters for solute transport
applications can also be related to porous medium phys-
ical properties such as particle size distribution and
particle shape. This is important, as knowledge about
the relationship between MIM parameters for solute
transport and porous medium characteristics can signif-
icantly improve the accuracy of MIM solute transport
parameter estimates. This will in turn also reduce the
need for time-consuming non-equilibrium solute trans-
port experiments which is another important issue, es-
pecially when considering solute transport at large
scales and in heterogeneous media.
The objective of this paper is, therefore, to evaluate
the possibility of relating MIM solute transport param-
eters to granular porous medium physical characteris-
tics, such as particle shape and particle size distribution.
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The evaluation will be based on data from previously
conducted solute breakthrough experiments (Pugliese
et al. 2013b) for a set of granular media, covering a
wide range of particle shapes and particle size
distributions.
2 Theory
Transport of conservative solute tracers in porous, gran-
ular, and fractured media is often described, at the
continuum scale, by the advection dispersion equation
(ADE). In case of one-dimensional flow through a col-
umn containing a homogeneous porous medium, under
assumption of uniform flow and dispersion, in presence
of both a mobile and an immobile solute phase, the ADE
is expressed as follows:
∂Cm
∂t
¼ D∂
2Cm
∂x2
−u
∂Cm
∂x
þ k Cim−Cmð Þ ð1Þ
where Cm and Cim are the solute tracer concentrations in
the mobile and immobile solute phases (ML−3), respec-
tively, u is the pore velocity (interstitial velocity) in the
mobile solute phase (LT−1), k is the tracer mass transfer
coefficient (T−1) for mass transfer between the mobile
and immobile phases, and x and t are the space (L) and
time (T) variables. D is the overall dispersion–diffusion
coefficient (L2 T−1), given as follows:
D ¼ Dmol þ Dmech ð2Þ
where Dmol is the molecular diffusion coefficient (L
2
T−1) and Dmech is the contribution by mechanical dis-
persion (L2 T−1). For one-dimensional flow, Dmech is
generally expressed as follows:
Dmech ¼ αum ð3Þ
where α is the solute tracer mechanical dispersivity in
the mobile phase (L) and m is a dimensionless exponent
(Pugliese and Poulsen 2014). For u <0.3 cm min−1,
mechanical dispersion approaches 0 and the relation
(Eq. (3)) does not hold (Pugliese et al. 2013b).
When simulating solute transport in a porous
medium by the MIM, the medium pore space is
considered a dual-region system. Therefore, two
values of porosity are considered (describing the
mobile and immobile region pore volumes, respec-
tively). In this case, solute transport in the mobile
region is described by Eq. (1), while tracer
concentration in the immobile region is described
as follows:
∂Cim
∂t
¼ − εm
εim
k Cim−Cmð Þ ð4Þ
where εm and εim are the mobile and immobile
solute-filled porosities (L3 L−3), respectively. In
some cases, the porous medium may contain pores
that do not participate in the solute transport, a so-
called dead porosity εdead. These porosity parame-
ters are linked by the following relation:
εtot ¼ εm þ εim þ εdead ð5Þ
where εdead represents a solute-filled porosity (L
3
L−3) consisting of isolated (nonconnected or poorly
connected) pores which have no solute mass ex-
change with the rest of the pore system, unlike εim
that participates in mass exchange. In practice, εdead
represents a pore system subdomain in which mass
transfer is too slow to significantly affect solute
concentrations over the timescale of the experiment
(Zinn and Harvey 2003) and mass transfer is, thus,
modeled as being zero.
3 Materials and Methods
The solute BTC data used in this study were all mea-
sured previously by Pugliese et al. (2013b) using three
commercially available materials: (1) crushed granite,
(2) gravel, and (3) Leca® (Light Expanded Clay
Aggregates). Crushed granite consists of sharp-
cornered particles with a compact internal structure
without pores. Gravel consists of more rounded particles
also without internal pores. Leca® consists of almost
spherical particles which are highly porous with an
internal pore structure mainly consisting of closed
vesicles.
Measurements of the BTC data by Pugliese et al.
(2013b) were conducted as follows: for each of the three
materials, nine particle size fractions with uniform par-
ticle size distributions were used: 2–4, 2–8, 2–14, 4–12,
6–8, 6–10, 8–10, 8–14, and 12–14 mm. The procedure
for creating these particle size fractions is explained in
details by Pugliese et al. (2013a, b, c). Each fraction is
characterized by a mean particle diameter (dm) and a
particle size range (R) (Table 1). Acrylic columns of
100-cm length and 14-cm inner diameter were used to
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contain the selected media, which was carefully packed
into each column to reduce inhomogeneities in packing
density. A stainless steel mesh with 2-mm openings and
1-mm thickness was installed at both ends of the col-
umn, to support and prevent movements of the media.
Polyethylene lids sealed using rubber O-rings were used
at both ends. Soft Teflon tubing with an inner diameter
of 4 mm was used to connect each component of the
system (Pugliese et al. 2013b).
The inlet was located at the bottom of the column and
connected to a peristaltic pump (model PD 5101,
Heidolph). The outlet (top of the column) let to a mea-
suring tube capable of containing 12 ml effluent and a
TetraCon 325 conductometer. After saturating the col-
umns with demineralized water and adjusting the flow
to the desired value, a solution consisting of NaCl
dissolved in demineralized water to a concentration of
5 g l−1 was injected. Measurements were carried out in
duplicate and performed at different flow rates equal to
0.015, 0.05, 0.075, 0.1, 0.125, and 0.15 l min−1. A total
of 324 BTCs were measured. More details of the exper-
imental procedure are given by Pugliese et al. (2013b).
Measured BTCs were fitted using Eqs. (1) and (4), by
optimizing values of D, εm, εdead, and k. An explicit
finite difference method, corrected for numerical disper-
sion, was used.
The corresponding initial and boundary conditions
were as follows:
Initial condition t ¼ 0; x≥0 C ¼ 0 ð6aÞ
Boundary condition t > 0; x ¼ 0 C ¼ C0 ð6bÞ
where C0 is the concentration of the tracer (NaCl).
Optimal values of D, εm, εdead, and k were deter-
mined by minimizing the sum of squared errors (SSE)
between measured and fitted values of solute concentra-
tion as follows:
SSE ¼
X
Pmeasured−Pfitted½ 2 ð7Þ
where Pmeasured and Pfitted are the original and fitted
values of the parameter in question (in this case, solute
concentration), respectively.
4 Results and Discussion
Measured BTCs at a solute flow rate of 0.125 l min−1,
for the 2–14-mm particle size fraction for all three
materials, are shown in Fig. 1. Shown are also the best
fitted curves for the MIM (Eqs. (1) and (4)).
All three data sets exhibit the typical sigmoid shape
characterizing this type of process. In all three cases,
some tailing is evident, with granite showing the least
and Leca® the most amount of tailing. This was also the
case for the remaining 321 BTCs. The relatively little
tailing exhibited by the granite data shows reduced
solute exchange between the mobile and immobile
phases indicating a quasi-equilibrium condition between
the two phases. Conversely, gravel and Leca® exhibit
more tailing and thus have larger immobile water con-
tents. Figure 1 shows that the MIM can be accurately
fitted to the entire BTC for each of the three materials.
This was also the case for the remaining BTCs. These
observations are in agreement with previous studies
(Zinn and Harvey 2003; Sanchez-Vila and Carrera
2004).
Fitted D values for selected particle size fractions
using Eqs. (1) and (4)–(7) are shown in Fig. 2a as a
function of u. Granite exhibits the lowest D values,
while gravel and Leca® the intermediate and the
highest, respectively. The data in Fig. 2a generally show
curved relationships in agreement with Eq. (3). Best fit
values of α and m for each particle size fraction were
determined by fitting Eq. (3) to the D–u data, minimiz-
ing the SSE (Eq. (7)) with P=D. Granite generally
exhibits the highest values of m, while intermediate
and lowest m values are exhibited by gravel and
Leca®, respectively. This behavior was observed for
all particle size fractions. Resulting values of α for each
particle size fraction are given in Table 1.
Corresponding k values, for the same particle size
fraction data illustrated in Fig. 2a, are shown in Fig. 2b
as a function of u. Leca® generally shows the highest k
values, while granite shows the lowest. This was also
the case for the remaining BTCs and indicates that
particle shape affects the flow field, which is in agree-
ment with the findings of Pugliese and Poulsen (2013c).
Further analyses of the k–u data showed that k is also
proportional to the mean diameter dm, while particle size
range, R, has a minimal effect on k. A power function
equivalent to Eq. (3), given as k=β un, was fitted to the
k–u data minimizing the SSE (Eq. (7)) with P=k.
Resulting values of β for the 27 particle size fractions
are given in Table 1. The relationships generally exhibit
less curvature compared to the D–u relationships,
resulting in lower values of n compared to m for all
materials and particle size fractions investigated.
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It is well known from literature (Delgado 2006) that
D increases with the width of the particle size distribu-
tion and tends to be greater with packs of non-spherical
particles than with packs of spherical particles of the
same size (Ebach and White 1958; Hiby 1962; De
Carvalho and Delgado 2003). This was later confirmed
by Sharma and Poulsen (2010a) and Pugliese et al.
(2012), who found that increasing R causes an increas-
ing variability of the length of pathways through the
pore network, which in turn increases dispersion.
Analysis on the same media as used in this study
(Pugliese et al. 2013b) confirmed the previous findings.
Moreover, a dependency of transport on particle shape,
φ, was observed, although no attempts to relate
dispersivity, α, to φ were carried out.
These observations suggest that in order to estimate
dispersivity, it may be advantageous to consider the
contribution of each medium physical characteristic to
α separately. It is therefore suggested to model α as a
linear combination of contributions by the medium
characteristics as follows:
η ¼ p1*dm þ p2*Rþ p3*φþ p4 ð8Þ
where η represents the parameter to be predicted (in this
case α) and p1, p2, p3, and p4 are empirical constants
whose dimension depends on the parameter modeled.
dm is the mean particle diameter (L),R is the particle size
range (L), and φ is the part ic le roundness
(dimensionless) as defined by Wadell (1935). Details
on roundness measurements for the three materials used
here are given in Pugliese et al. (2013a), and values for
the three materials are shown in Table 1. Equation (8)
was fitted to the α data both across all three materials
(27 particle size fractions) and for each material (9
particle size fractions) individually. Best fit values of p
were obtained by minimizing the SSE (Eq. (7)) with
P=α. Resulting values of p for fitting α are given in
Table 2. Fitted (Eq. (8)) versus calculated (Eq. (3))
values of α are shown in Fig. 3a.
Table 1 Physical characteristics of the three media (crushed granite, gravel, and Leca®) and calculatedα and β values from theD–u and k–u
relationships (Fig. 2), respectively
Size range
(mm)
Mean diameter
(mm)
Particle size
range (mm)
Granite Gravel Leca®
φ=0.09a φ=0.51a φ=0.89a
α β α β α β
(cm) (cm−1) (cm) (cm−1) (cm) (cm−1)
2–4 2 3 0.27 0.0010 0.41 0.0021 0.42 0.0043
2–8 6 5 0.33 0.0012 0.43 0.0019 0.52 0.0047
2–14 12 8 0.37 0.0012 0.61 0.0038 0.61 0.0055
4–12 8 8 0.31 0.0012 0.43 0.0030 0.54 0.0054
6–8 2 7 0.31 0.0012 0.39 0.0023 0.43 0.0052
6–10 4 8 0.22 0.0021 0.44 0.0035 0.50 0.0059
8–10 2 9 0.20 0.0030 0.49 0.0066 0.46 0.0060
8–14 6 11 0.09 0.0016 0.24 0.0039 0.40 0.0056
12–14 2 13 0.07 0.0012 0.17 0.0039 0.30 0.0053
a Pugliese et al. (2013a)
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Fig. 1 Measured and fitted solute concentrations for the 2–14-mm
particle size fraction for all three materials, at a flow rate of
0.125 l min−1. Fitted values for the MIM (estimated using
Eqs. (1) and (4)) are represented by the continuous line
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One common set of values for p1 (-), p2 (-), p3
(mm), and p4 (mm) in Eq. (8) valid across all three
materials is suggested to limit the number of fitting
parameters used. Using individual values of the em-
pirical constants for each material (ten fitting param-
eters) instead of common values (four fitting param-
eters) only resulted in an overall reduction in the
SSE of 17 %; thus, there is little advantage of using
individually fitted p values. To verify the accuracy
of Eq. (8) for predicting dispersivity (α), a partial
validation analysis was carried for all particle size
fractions. The validation procedure was as follows:
each time, one α point was set aside and the fitting
of p1, p2, p3, and p4 was done using Eq. (8) together
with the remaining 26 data sets. The excluded α
value was then predicted using the fitted ps. This
procedure was repeated 27 times (each time with a
new α point set aside, resulting in 27 predicted
values of α), and results are presented in Fig. 3b.
Fitting of the calculated α values (Fig. 3a) generates
SSE=11.3, while the partial validation (Fig. 3b) ap-
proach yields SSE=15.2 (not shown in Table 2)
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Fig. 2 Fitted a D values and b k values as a function of pore velocity (u), for selected particle size fractions
Table 2 Values of the empirical
constants carried out by fitting
Eq. (8) for selected scenarios and
material combinations
Also given are corresponding
values of minimum SSE calculat-
ed using Eq. (7)
η Scenario Materials p1 p2 p3 p4 SSE
α (-) (-) (mm) (mm)
All −0.21 0.18 2.83 3.09 11.3
Granite −0.26 0.15 3.17 3.45 9.43
Gravel −0.24 0.19 3.06
Leca® −0.13 0.20 1.43
β (mm−2) (mm−1)
All 1.4E−05 – 4.7E−04 – 1.7E−07
Granite 2.9E−06 – 1.4E−03 – 1.5E−07
Gravel 2.4E−05 – 3.0E−04
Leca® 8.1E−06 – 5.2E−04
εm 1 Granite −0.001 −0.0003 −0.112 0.423 0.0009
Gravel −0.001 −0.0025 −0.039
Leca® 0.006 −0.0046 0.050
2 Granite −0.001 −0.002 0.097 0.415 0.0018
Gravel −0.001 −0.024
Leca® 0.006 0.048
3 Granite 0.001 −0.002 0.086 0.399 0.0038
Gravel −0.028
Leca® 0.103
4 All 0.001 −0.002 0.103 0.377 0.0302
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which corresponds to an increase of 34 %. This
relatively limited difference in terms of SSE denotes
a good prediction by Eq. (8).
Figure 2a, b indicates that the slope of the D–u
relationship (α) and the slope of the k–u relationship
(here labeled β) are related. Values of α versus β are
plotted in Fig. 4.
The highest values of β are generally obtained for
Leca®, while the lowest are obtained for granite. Thus,
there seems to be a relationship between β and particle
roundness. Round particles such as Leca® seem to have
higher mass transfer between the mobile and immobile
phases (and thus higher β), than more angular particles
such as granite. A reason for this behavior could be
differences in the shape of local mobile and
immobile pore regions at the pore scale and differ-
ences in the amount of interfacial area between the
two phases. Despite some scatter in the data espe-
cially for the gravel, Fig. 4 further indicates that α
and β are proportional to some degree. This means
that β likely depends on porous medium character-
istics in a manner similar to that of α. It was there-
fore chosen to describe β using Eq. (8) (with η now
representing β). Optimization was performed by
minimizing the SSE (Eq. (7) with P=β). Analysis
showed that p2 and p4 had little or no impact of the
fitting accuracy and these parameters were therefore
excluded from the analysis. Analyses were carried
out considering both one common set of p values
across all 27 particle size fractions and p values
fitted for each of the three materials individually.
Results are given in Table 2.
Again, one common set of values for p1 (mm
−2) and
p3 (mm
−1) in Eq. (8) valid across all three materials is
suggested to limit the number of fitting parameters used.
Figure 5a shows fitted (Eq. (8)) versus calculated β
(slopes of the k–u relationship) values using these two
parameters. Using individual p values for each material
(six fitting parameters) instead of common values (two
fitting parameters) only resulted in an overall reduction
in the SSE of 9 % (Table 2).
A partial validation of Eq. (8) following the ap-
proach used in Fig. 3b was carried out for the 27 β
values, and results are shown in Fig. 5b. Fitting of
the calculated β values (Fig. 3a) yields SSE=1.7E−
7, while the partial validation approach yields SSE=
1.9E−7 (not shown in Table 2) which corresponds
to an increase of 14 %. Again, this suggests that
Eq. (8) is adequate for describing β.
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Values of εm obtained from the MIM simulations
were almost independent of u but did exhibit some
dependency on R, dm, and φ. Therefore, εm was as-
sumed constant for each particle size fraction. The rela-
tionship between εm and R, and dm and φ was modeled
using Eq. (8), where, in this case, η represents εm.
Equation (8) was fitted to εm values, considering all
the contributions of the four parameters (p1, p2, p3, and
p4). Four different scenarios were adopted to identify if
the empirical constants may be assumed common across
all three materials: scenario 1: individual values of p1,
p2, p3 and a common value of p4 (ten fitting parameters);
scenario 2: individual values of p1 and p3 and common
values of p2 and p4 (eight fitting parameters); scenario 3:
individual values of p3 and common values of p1, p2,
and p4 (six fitting parameters); and scenario 4: common
values of all four constants (four fitting parameters). An
overview of the resulting constant values is given in
Table 2. In comparison with scenario 1, SSE values for
scenarios 2, 3, and 4 increased by 101, 310, and 3305%,
respectively. Scenario 2 is therefore suggested as the
optimal approach having a moderate value of SSE in
combination with a reduced number of fitting
parameters.
Figure 6a shows fitted (Eq. (8)) versus calculated
average values of εm for each of the 27 particle size
fractions while Fig. 6b shows fitted (Eq. (8)) versus
calculated individual values of εm at each combination
of velocity and particle size fraction. Note that Eq. (8)
does not take the effects of velocity into account and
predicts the same value of εm for each particle size
fraction regardless of velocity. Despite this, Eq. (8) is
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Fig. 5 a Fitted (Eq. (8)) vs calculated β values for all materials and particle size fractions with p1=1.4E−5 (mm−2), p3=4.7E−4 (mm−1), and
SSE=1.7E−7 and b predicted (using partial validation of Eq. (8)) vs calculated β values, SSE=1.9E−7
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Fig. 6 a Fitted (Eq. (8)) vs calculated εm values (one average εm
value across six velocities for each particle size fraction), b fitted
(Eq. (8)) vs calculated εm values (one εm value for each combina-
tion of velocity and particle size fraction), and c predicted (using
partial validation of Eq. (8)) vs calculated εm values (one average
εm value for each particle size fraction), yielding SSE=0.0029. All
fittings were performed using scenario 2 (Table 2)
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still able to predict individual values of εm with and
accuracy of ±3 % on average.
To estimate the accuracy of Eq. (8) for predicting εm,
a partial validation analysis on εm was carried out using
scenario 2 (Table 2). Predicted versus calculated (from
the dual-porosity modeling) values are shown in Fig. 6c.
This analysis yields SSE=0.0029, an overall increase of
38 % compared to Fig. 6a.
Overall, the results indicate that both α, β, and εm are
related to porous medium particle size distribution (dm,
R) and particle shape (φ) in a similar way and may be
predicted from porous medium characteristics using the
same type of expression. The results further suggest that
accurate predictions of the tailing end of solute BTCs
may be achieved using the MIM. Therefore, it seems
feasible to estimate model parameters (α, β, and εm)
from porous medium physical properties, thus avoiding
the necessity for measuring the tailing. This potentially
produces significant time savings, especially in connec-
tion with in situ experiments, where BTCs often exhibit
substantial tailing. To verify the validity of the findings
presented here, however, additional measurements for a
wider range of media than considered here should be
carried out.
5 Conclusions
Solute transport in three different granular porous media
(crushed granite, gravel, and Leca®), exhibiting similar
particle sizes but different particle shapes, was analyzed
in this study. Solute transport data for 27 particle size
fractions (nine for each material), at six different pore
flow velocities, u, (corresponding to a total of 324
BTCs), using chloride as a tracer, were used in the
analysis.
BTC shape suggests the presence of non-equilibrium
solute mass transfer between a mobile phase and an
immobile phase, in agreement with previous studies.
Among the three materials, BTCs for Leca® (having
the most rounded particles) exhibit the largest amount of
tailing while granite (having the least rounded particles)
exhibits the smallest amount of tailing, suggesting that
particle shape has a significant impact on mass transfer.
Themeasured BTCs were fitted to the mobile–immobile
phase (MIM) model to estimate values of dispersion
coefficient (D), mass transfer coefficient (k), and mobile
phase porosity (εm). Leca® showed the highest k values
(a consequence of the higher amount of tailing in the
BTCs), while granite showed the lowest values. This
indicates that the more spherical the particles, the greater
the mass transfer between the mobile and immobile
phases. Round particles, in fact, expedite the exchange
between mobile and immobile phases, while particles
with more angular shapes (mainly granite) hinder it.
The results further indicated that the slope, α, of the
D–u relationship (also known as dispersivity), the slope,
β, of the k–u relationship, and εm (across all three
materials and 27 particle size fractions) could be pre-
dicted from particle size distribution characteristics and
particle shape using a simple linear expression. This
means that model parameters (α, β, and εm) may be
estimated using the porous medium characteristics,
which in turn means that significant time can be saved
as the time-consuming measurements (especially for
measuring BTC tailing) can be avoided.
As the quantity of data used in the analyses
presented here is somewhat limited, however, addi-
tional measurements on other media, having differ-
ent particle size distributions and particle shapes, are
needed to verify and improve the relationships pre-
sented in this study.
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Estimating Solute Dispersion Coefficients in Porous Media at
Low Pore Water Velocities
Lorenzo Pugliese1 and Tjalfe G. Poulsen2
Abstract: The relationship between solute dispersion coefficient (Dmech)
and pore water velocity during chloride transport in porous media with dif-
ferent particle characteristics at low porewater velocities (u< 1 cmmin−1),
relevant for groundwater flow conditions, was investigated. Data for 29 po-
rous media with very different particle shapes (ranging from almost spher-
ical tovery angular) and particle sizes (0.088–12mm) at different velocities
(340 breakthrough curves) were used in the analyses.
The analysis showed thatDmech at low u is significantly different from that
at higher u. Whereas the u - Dmech relationship generally can be assumed
linear at higher u (based on observations in earlier studies), the data pre-
sented in this study clearly show that this is not the case at low u. The re-
sults further indicated that Dmech at low u is strongly related to porous
medium particle shape and to some degree also to medium particle size
range and mean particle diameter. As the current knowledge about disper-
sion at low u and its dependency on porous medium properties is very lim-
ited, the results obtained in this study represent a significant addition to this
understanding. A set of expressions for predictingDmech at low u from me-
dium properties was developed. These expressions yield good accuracy
across all 29 media, thus providing a means for predicting dispersion at
low u across a very wide range of media.
KeyWords: Solute transport, dispersion, low porewater velocities, porous
media, particle size and shape
(Soil Sci 2014;179: 175–181)
Among the mechanisms controlling transport of dissolved com-pounds in porous media, mechanical dispersion occupies a
key role in many practical situations. Examples are migration of
contaminants in the groundwater at polluted soil sites, leaching
of pesticides from farmland to groundwater and drinking water
supply, removal of dissolved contaminants in filters, and migra-
tion of dissolved compounds in both saturated and unsaturated
soil. Many of the processes, for which dispersion is important,
take place in systems such as groundwater aquifers where the liq-
uid flow velocity is relatively low. Understanding the behavior of
mechanical dispersion under saturated conditions and low pore
water velocities is therefore essential.
A relatively large body of literature relating solute dispersion
coefficients to pore water velocity is available, dating back to the
1950s. Examples are Carberry and Bretton (1958), Ebach and
White (1958), Liles and Geankoplis (1960), Saffman (1960), Per-
kins and Johnston (1963), Pfannkuch (1963), Poreh (1965),Miller
and King (1966), Chung and Wen (1968), Fried and Combarnous
(1971), Klotz (1973), Miyauchi and Kikuchi (1975), Sahimi et al.
(1986), Hu and Brusseau (1994), Matsubayashi et al. (1997), and
Delgado (2006). In general, the mechanical dispersion coefficient
(Dmech) has been found to be proportional to pore velocity (u). This
relationship is modeled using a power function type of relationship
where Dmech is proportional to u to a power that generally varies
between 1 (a linear relationship) and 2. However, most studies have
assumed Dmech to be a linear function of fluid velocity (exponent
equal to 1), which is now generally used as an approximation.
Investigations of the relationship between Dmech and u have
mostly been carried out at u ranging between 1*10−3 and
6*102 cm min−1 using both natural and artificial media. Ground-
water velocities, however, typically range between 10−4 and
101 cm min−1, depending on soil type and hydraulic gradient.
Thus, the range of u considered in previous studies is generally
in the upper end of the typical range for groundwater flow. A lim-
ited number of studies (Harleman and Rumer, 1963; Hu and
Brusseau, 1994; Padilla et al., 1999; Pugliese et al., 2013b) have
investigated dispersion under saturated conditions at velocities
lower than 1 cm min−1. Harleman and Rumer (1963) investigated
dispersion using an isotropic medium (plastic spheres with an av-
erage particle diameter of 0.96 mm) for u = 0.3 - 8 cm min−1. The
authors presented an equation linking the dispersion ratio (longi-
tudinal over lateral) to a dimensionless coefficient that was
presumed dependent on particle shape and particle size distri-
bution. However, no investigations of these relationships were
carried out. Hu and Brusseau (1994) measured dispersion
using a medium consisting of homogeneous glass beads (diam-
eter, 212–300 μm), at u = 0.001 - 1 cm min−1, and found that,
for u < 1 cm min−1, the u - Dmech relationship could be de-
scribed by a power law function with exponent of 1 - 1.3.
Padilla et al. (1999) measured dispersion at two different pore
water velocities (u = 0.03 and 0.13 cm min−1) for a single po-
rous medium (silica sand with an average particle diameter of
250 μm). Pugliese et al. (2013b) measured dispersion at u =
0.1 - 1 cm min−1 using an extensive set of granular porous me-
dia with a wide range of particle sizes and particle shapes. The
authors found that, for u > 0.3 cm min−1, the u - Dmech relation-
ship was approximately linear regardless of particle size and
shape, in agreement with earlier literature. For u< 0.3 cm min−1,
the u -Dmech relationship was not linear but gradually approached
a slope of zero with decreasing u. This indicates that the linear re-
lationship is not valid at low u; however, no investigations of the
u - Dmech relationship and its dependency on particle size and
shape in this u-region were carried out by Pugliese et al. (2013b).
Dispersion generally depends on particle characteristics,
such as particle size, particle shape, and particle orientation in re-
lation to the direction of flow (Delgado, 2006; Pugliese et al.,
2013b). Only a limited number of studies (Ebach and White,
1958; Hiby, 1962;DeCarvalho andDelgado, 2003; Pugliese et al.,
2013b) have focused on the effects of particle shape on the u -
Dmech relationship. Results show that Dmech is greater for flow
through materials consisting of nonspherical particles than
through materials consisting of spherical particles of the same
size. These studies, however, did not include the behavior ofDmech
at low u values, relevant for groundwater flow, and their results are
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therefore not directly applicable to typical groundwater flow situ-
ations. To the best knowledge of the authors, no additional studies
investigating the specific effects of porous medium physical prop-
erties (such as particle size and particle shape) on the u -Dmech re-
lationship at low u have been published. At present, knowledge
about the u -Dmech relationship at u values relevant for groundwa-
ter flow and its dependency on porous medium particle size and
shape is very limited. There is, thus, a strong need not only to as-
sess the u -Dmech relationship at low u values relevant for ground-
water flow but also to investigate the impact of particle size and
shape on the u -Dmech relationship in this range of u across awider
range of particle sizes and shapes.
The objective of this work is, therefore, to evaluate the con-
nection between porous media physical properties (particle size
range, mean particle diameter, and particle shape) and the u -
Dmech relationship including low values of u relevant for ground-
water flow using a large set of porous mediawith different particle
size distributions and particle shapes. The aim is to establish a set
of expressions for estimating dispersion coefficients from pore
water velocity at low velocities, taking into account effects of po-
rous media physical properties. Data for the analyses carried out in
this study were taken from three previously published works:
Harleman and Rumer (1963), Hu and Brusseau (1994), and
Pugliese et al. (2013b). These data cover multiple porous materials
exhibiting a wide range of particle sizes and particle shapes.
THEORY
The most widely used expression to describe solute transport
in porousmaterials is the advection-dispersion equation (ADE). In
case of one-dimensional solute transport through a homogeneous
medium, assuming uniform flow and dispersion, and neglecting
mass transfer between the mobile and immobile fluid phase, the
ADE is given by:
∂Cm
∂ t
¼ D d
2Cm
∂x2
− u
∂Cm
∂x
(1)
where Cm is the tracer concentration in the mobile fluid phases
(M L−3); D is the overall dispersion-diffusion coefficient (L2 T−1),
which takes into account effects of molecular diffusion, mechanical
dispersion, and fluid mixing in the tubing leading the liquid to and
from the column (Poulsen et al., 2008); u is the pore fluid velocity
(interstitial velocity) of the mobile phase (LT−1); and x and t are the
space (L) and time (T) variables. The liquid u is estimated as:
u ¼ Q
Aεm
(2)
where εm is the mobile volumetric phase contents (L
3 L−3) in the
porous medium, Q is the applied volumetric liquid flow rate
(L3 T−1), and A is the column cross-sectional area (L2) perpendicu-
lar to the liquid flow direction.
The overall diffusion/dispersion coefficientD is expressed as:
D ¼ Dmol þ Dmech þ Dmix (3)
where Dmol represents the contribution by molecular diffusion,
Dmech is the contribution from mechanical dispersion, and Dmix
is the contribution from fluid mixing in the tubing leading to and
from the porous medium column. Pugliese et al. (2013b) showed
that, at low velocities, Dmol can be neglected because it is very
small, whereas Dmix can be minimized by reducing tracer travel
distances outside the porous medium (Pugliese et al., 2012).
For a one-dimensional configuration,Dmech is expressed as a
power function, such as:
Dmech ¼ αum (4)
where α is the tracer mechanical dispersivity (longitudinal
dispersivity) in the mobile fluid phase (L), and m is a dimension-
less exponent.
Combining Eq.(3) and Eq.(4) yields:
D ¼ Dmol þ αum þ Dmix (5)
At larger velocities, m is generally assumed to be equal to 1,
and dispersion becomes linearly related to u (Scheidegger, 1961;
Bear, 1972; Freeze and Cherry, 1979; Matsubayashi et al., 1997;
Pugliese et al., 2013b). In this case, a plot of D versus u yields a
straight line, with slope α and intercept Dmol + Dmix (Poulsen
et al., 2008).
Particle shape is usually characterized by particle roundness,
defined by Wadell (1935) as:
φ ¼ N
∑N
Φ
rN
  (6)
where φ represents the total degree of roundness (dimensionless),
N denotes the number of corners in the given plane of the particle,
Φ is the radius of the largest inscribed circle (L), and r is the
radius of the inscribed circle of the Nth corner of the particle in
the plane (L).
MATERIALS AND METHODS
Assessment of the u - Dmech relationship was carried out
using breakthrough curves (BTC) previously measured by
Pugliese et al. (2013b). Measurements were executed using three
commercially available materials: (i) crushed granite, (ii) gravel,
and (iii) Leca (Light Expanded Clay Aggregates). Crushed granite
consists of very angular particles, whereas gravel particles are
more rounded, and Leca particles are almost spherical. A com-
pact internal structure (without pores) characterizes both crushed
granite and gravel, whereas Leca has an internal pore structure
consisting of closed vesicles. For each of the three materials, nine
particle size fractions with uniform particle size distributions were
used: 2 to 4, 2 to 8, 2 to 14, 4 to 12, 6 to 8, 6 to 10, 8 to 10, 8 to 14,
12 to 14 mm. Each particle size fraction, created using the proce-
dure of Pugliese et al. (2013a, 2013b, 2013c), is identified by the
mean particle diameter (dm) and the particle size range (R). An
FIG. 1. Illustration of porous materials used by Pugliese et al.
(2013b): granite (A), gravel (B), and Leca (C).
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illustration of typical particles belonging to each of the three ma-
terials is given in Fig. 1.
Before measurements, each material was packed into an
acrylic column of 100 cm length and 14 cm inner diameter. Pack-
ing was done with care to reduce inhomogeneities in packing den-
sity. A stainless steel mesh with 2-mm openings and 1-mm
thickness was installed at both ends of the column to support
and prevent movements of the media. Polyethylene lids sealed
using rubber O-rings were used at both ends. Soft Teflon tubing
with an inner diameter of 4 mm was used to connect each compo-
nent of the system (Pugliese et al., 2013b; 2013c).
The inlet was located at the bottom of the column and con-
nected to a peristaltic pump (model PD 5101; Heidolf). The outlet
(top of the column) led to a measuring tube holding 12 mL of liq-
uid and a TETRACON 325 conductometer. After saturating the
columns with demineralized water, adjusting the flow to the de-
sired value, and achieving constant flow, a NaCl solution was
injected. Measurements were carried out in duplicate and per-
formed at six different flow rates equal to 0.015, 0.05, 0.075,
0.1, 0.125, 0.15 L min-1. A total of 324 BTC were measured.
More details of the experimental procedure are given in Pugliese
et al. (2013b).
The measured BTC were fitted to Eq.(1) to Eq.(3) by opti-
mizing the values of D and εm using the following initial and
boundary conditions:
Initial condition t ¼ 0; x  0 C ¼ 0 (7a)
Boundarycondition t > 0; x ¼ 0 C ¼ C0 (7b)
Fitting accuracy was assessed using the relative root mean
squared errors (SSE) defined as:
SSE ¼ Pdata set 1−Pdata set 2ð Þ2 (8)
where Pdata set 1 and Pdata set 2 are the values of the two data sets
that are compared (that being modeled or measured values). Opti-
mum fits were determined by minimizing SSE. Further details on
the fitting procedure can be found in Pugliese et al. (2013b).
Two additional data sets (15 BTC) taken from previous stud-
ies were also considered in the analysis (Harleman and Rumer,
1963; Hu and Brusseau, 1994). Harleman and Rumer (1963) per-
formed the experiments using plastic spheres, having φ = 1 dm =
0.96 mm and R = 0.2 mm. Hu and Brusseau (1994) used glass
beads, with φ = 1 dm = 0.256 mm and R = 0.088 mm.
RESULTS AND DISCUSSION
Selected u - Dmech relationships and corresponding fitted
curves representing Eq.(4), for the 2- to 8-mm particle size frac-
tion and for each of the three materials (crushed granite, gravel,
and Leca), are shown in Fig. 2. As Dmech = 0 for u = 0, an addi-
tional point was included in each data set at the origin. In general
the u - Dmech relationships, based on the breakthrough data from
Pugliese et al. (2013b), follow the power function (Eq.(4)) as also
found earlier (Hu and Brusseau, 1994; Padilla et al., 1999),
throughout the u range investigated. Crushed granite exhibits
most curvature, whereas Leca exhibits the least. This was gener-
ally also the case for the u - Dmech relationships for the remaining
eight particle size fractions for each of the three materials.
Values of Dmech fitted by Eq.(4) versus calculated from
measured breakthrough data using (Eq.(1)–Eq.(3)) are shown in
Fig. 3, for crushed granite, gravel and Leca, and for all combina-
tions of particle size fraction and u. For all three materials Eq.(4)
correctly estimates Dmech along all the u range investigated. The
SSE are 0.008, 0.018, and 0.097 for granite, gravel and Leca, re-
spectively. The estimation procedure was carried out considering
individual values of α and m for each particle size fraction and
FIG. 2. Relationship between relative dispersion coefficient
(Dmech/ Dmech,max) and u for each of the 2- to 8-mm fractions for
crushed granite, gravel, and Leca. Symbols indicate values
determined by fitting the measured breakthrough data (using
Eq.(1)–Eq.(3)), and curves are fitted Eq.(4) to these data.
FIG. 3. Values of dispersion coefficient (Dmech) fitted by Eq.(4) versus Dmech calculated from measured breakthrough data using Eq.(1)
to Eq.(3) for crushed granite (A), gravel (B), and Leca (C).
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material (resulting in 27 α, m data sets). Figure 4 shows the con-
tour plots of α, as a function of R and dm, for all particle size frac-
tions and materials investigated.
Overall, the plots indicate thatα is somewhat dependent onR
but almost independent of dm. Especially Leca (Fig. 4C) clearly
shows this behavior. Leca also exhibits higher α values in agree-
ment with previous studies, carried out assuming m = 1 (Pugliese
et al., 2013b), whereas gravel and granite exhibit the intermediate
and lower α values, respectively. Analysis of the particle round-
ness of the three materials, carried out by Pugliese et al. (2013a)
and following the approach of Wadell (Eq.(6)), showed that
crushed granite particles had the lowest roundness (0.09), gravel
intermediate roundness (0.51), and Leca the highest roundness
(0.89). As the main difference between the three materials with re-
spect to transport is the particle roundness, the results indicate that
roundness is especially important when estimating α.
To develop a model for estimatingα, an expression of the form
α ¼ n0 þ n1dn2m þ n3Rn4 þ n5φn6 (9)
was initially considered, where ni (for i = 0, 1, 2, 3, 4, 5, 6) are em-
pirical fitting parameters. This type of expression was chosen as it
has successfully been used in earlier studies of transport in porous
media. The analysis involved the α values for the gravel, granite
and Leca presented in Fig. 4 andα values for two additional data sets
taken from previous works (Harleman and Rumer, 1963; Hu and
Brusseau, 1994). Eq.(9) was initially fitted to the α-data, and the n
parameters with little or no impact on fitting accuracy (SSE) were
eliminated from the model. The model was then re-fitted with the
reduced number of fitting parameters. This procedure was repeated
until it was no longer possible to reduce the number of fitting pa-
rameters without considerable loss of accuracy as determined by
the SSE. This procedure resulted in the following equation for esti-
mating α:
α ¼ n1 Rn2−1ð Þ þ n3φn4 (10)
where α and R are given in centimeters and millimeters, respec-
tively, and n1 = 576, n2 = 0.0003, n3 = 0.56, and n4 = 1.31 are
FIG. 4. Contour plots of dispersivity (α), based on Eq.(4), as a
function of R and dm for crushed granite (A), gravel (B), and Leca (C).
FIG. 5. Values of dispersivity (α) fitted by Eq.(10) versus α values
determined by fitting Dmech (Eq.(4)) for all particle size fractions and
materials. Values of the empirical constants are n1 = 576,
n2 = 0.0003, n3 = 0.56, n4 = 1.31.
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empirical constants, which are identical for all particle size ranges
andmaterials. Eq.(10) shows that a low u dispersivity is proportional
to particle roundness, and thus, dispersion seems to be higher in me-
dia consisting of spherical particles than those consisting of non-
spherical particles. This is a significant finding because current
knowledge about the effects of roundness on dispersivity is ex-
tremely limited.
Figure 5 shows α values as fitted by Eq.(10) versus α values
determined by Eq.(4), for all particle size fractions and materials.
The results in Fig. 5 show that Eq.(10) provides a good accuracy
across all five materials and 29 particle size fractions in fitting α
values based on R, φ, and four empirical constants. As already
highlighted in Fig. 4, dm does not affect the estimation of α at very
low pore velocities. This is in contrast with the behavior of α at
higher velocities observed in earlier studies, where dm becomes
important (De Carvalho and Delgado, 2003; Delgado, 2006;
Pugliese et al., 2013c). The results further indicate that Eq.(10)
is applicable for almost all kinds of particle shapes and for particle
sizes ranging between 0.088 and 12 mm.
To verify if the α values for granite, gravel, and Leca, calcu-
lated from Eq.(4), are significantly different as indicated by Fig. 5,
the differences αLeca – αgravel, αLeca – αgranite, and αgravel – αgranite
were calculated for each particle size fraction. This was done to
take into account effects of particle size and shape. It was then
tested if the averages of each of the three sets of differences were
significantly larger than 0 using percentile bootstrapping (Wilcox,
1997). This is a nonparametric method that is based on generating
a large set of artificial data sets with the same distribution as the
data that are to be tested (in this case the α differences). These
are then used to calculate the confidence interval for the average.
Nonparametric statistics were used because the data could not be
assumed normally distributed. The test showed that the average
differences for the three sets were significantly larger than zero
at the 95% confidence level. This means that αLeca > αgravel and
αgravel > αgranite is significant at the 95% level, confirming that
α is strongly dependent on particle roundness.
Values of m obtained from fitting Eq.(4) to the α data are
shown in Fig. 6 as a function of R and dm, for crushed granite,
gravel, and Leca, considering all particle size fractions. Figure 6
FIG. 6. Contour plots of exponent (m) based on Eq.(4) as a function
of R and dm for crushed granite (A), gravel (B), and Leca (C).
FIG. 7. Values of exponent (m) fitted by Eq.(11) versus m values
determined by fitting Dmech (Eq.(4)) for all particle size fractions and
materials. Values of the empirical constants are n1 = 0.003,n2 = 1.89,
n3 = −0.22.
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shows that, in contrast to α, m is generally dependent on dm but
almost independent of R. This behavior is clearly visible for
Leca (Fig. 6C). The dependency of m on R and dm is less evi-
dent for gravel and granite, and it is probably caused by the lim-
ited number of points investigated. Values of m are smallest for
Leca, intermediate for gravel, and largest for granite. Values of
m are thus inversely proportional to roundness (φ). This ten-
dency is opposite to what was found for α, which is directly
proportional to φ. As roundness is the main difference between
the three materials, the observations in Fig. 6 suggest that φ is
very important when estimating m. Again this is a very signif-
icant addition to our current understanding of the relationship
between dispersion and particle shape. Figure 6 further indi-
cates that, although m at higher u (as found in previous studies
including Pugliese et al., 2013c) may be assumed close to 1,
this is not the case for low u where it varies significantly espe-
cially in response to roundness. An expression for predicting m
based on dm, R, and φ was developed for all five materials, fol-
lowing the approach used for developing Eq.(10). The follow-
ing expression was proposed:
m ¼ n1dn2m þ φn3 (11)
where m and dm are given in centimeters and millimeters, re-
spectively, and n1 = 0.003, n2 = 1.89, n3 = −0.22, respectively,
are empirical constants, which are identical for all particle
size ranges and materials. Figure 7 shows m values fitted
using Eq.(11 versus m values determined by fitting Dmech
(Eq.(4)) for all particle size fractions and materials.
Figure 7 shows that there is a good agreement between m
values determined by Eq.(4) and Eq.(11). The overall SSE is equal
to 0.46, whereas SSE for the granite, gravel, and Leca are 1.13,
0.26, and 0.08, respectively. The SSE for plastic spheres and glass
beads was smaller than 0.03 and only generated from one point
(only one particle size fraction was considered in those studies).
Percentile bootstrapping was also used in this case to test if
values of m were significantly different between granite, gravel,
and Leca following the approach used for testing the α values
above. The test results showed that the average differences for
three sets were significantly larger than zero, which means that
mgranite > mgravel and mgravel > mLeca is significant at the 95%
level, confirming that m is strongly dependent on φ.
CONCLUSIONS
The relationship between pore water velocity (u) and me-
chanical dispersion coefficient (Dmech) at low u was investigated
using data for five granular porous materials (crushed granite,
gravel, Leca, plastic spheres, and glass beads) with different parti-
cle characteristics in terms of particle size and particle shape.
A total of 29 different porous media were considered. Analysis
of the u - Dmech relationships at low u showed that, in opposition
to higher u where relationships are generally linear, relationships
were generally nonlinear and followed a power function (Dmech
= αum). Thus, in contrast to earlier studies of dispersion at
higher u where m is generally close to 1, significant deviations
from m = 1 are observed at low u. Values of dispersivity (α)
across the 29 media were strongly dependent on particle shape
(roundness, φ) and showed a direct proportionality with φ. Re-
sults also indicated that α is proportional to porous medium parti-
cle size range (R) but independent of medium mean particle
diameter (dm). This is in contrast to earlier studies of dispersion
at high u, where observations show a dependency of α on dm. In
contrast to α, m was inversely proportional to φ but independent
of R. Overall, the results show that dispersion at low u behaves
significantly different from higher u, and that particle shape is a
very important parameter in controlling dispersion at low u. As
existing studies of dispersion have focused on its behavior at high
u, the results presented here constitute a significant addition to the
current knowledge of dispersion behavior at low u and its depen-
dency on porous medium properties.
A set of empirical expressions for estimating α and m from
porous medium properties (R, φ, and dm) was developed. The
proposed expression provided good accuracy across all five
materials and 29 media involved in the analysis. This indicates
that it is possible to estimate α andm from particle size and par-
ticle shape across a wide range of particle shapes and sizes. As
such models did not exist previously, this fills an important gap
in the knowledge about predicting dispersion in porous media
at low u. The data used here mainly represent granular media
with a relatively large particle size relevant for many filter
and aquifer applications. However, to verify and expand the
model concepts presented here to soils and similar materials
in general, additional measurements for media with smaller
particle sizes than used here should be carried out.
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Abstract Gas dispersion in a set of three different
porous materials with similar particle size, as a func-
tion of material tortuosity and anisotropy ratio, was
investigated. The materials were packed with different
spatial orientations of the individual particles so as to
create media with different tortuosity and anisotropy
ratios. Three different media (slate chips, wood chips,
and pebbles) and four particle orientations have been
used to generate a total of nine different porous media
mimicking single porosity, dual porosity isotropic,
anisotropic, aggregated, or granular materials. Result-
ing values of tortuosity and anisotropy ratio for each
medium were determined via measurements of gas
permeability and molecular gas diffusion coefficient.
These values were then compared to measured values of
gas dispersivity for each medium. The results showed
that dispersivity is inversely proportional to tortuosity
but directly proportional to anisotropy ratio and that the
relations were approximately linear within the range of
tortuosities and anisotropy ratios investigated. Wood
chips (dual porosity material) yielded higher values of
gas dispersivity compared to slate chips (single porosity
material). A likely reason is in part the difference in pore
structure between the materials and in part a difference
in particle surface roughness (which was highest for
wood chips) both of which affects dispersion.
Keywords Porous medium tortuosity . Anisotropy
ratio . Particle shape . Particle orientation .Mechanical
dispersion . Gas permeability
1 Introduction
Knowledge of gas transport in porous media and its
dependency on media physical properties is essential
for understanding and predicting for instance methane
emissions from wetlands and landfills to the atmo-
sphere, oxygen and carbon dioxide movement in pas-
sively aerated compost windrows, volatile contaminant
migration at contaminated soil sites, transport and re-
moval of gaseous contaminants in filters for air cleaning,
and radon and volatile organic contaminant transport
into buildings. Gas transport in porous media is gener-
ally governed by three mechanisms: (1) advection
caused by gas pressure gradients within the medium,
(2) molecular diffusion caused by gas concentration
gradients, and (3) mechanical dispersion caused by spa-
tial variations in the gas velocity and gas transport dis-
tances at the pore scale. Advection is in turn controlled
by porous medium gas permeability (kg), molecular
diffusion is controlled by the molecular diffusion coef-
ficient in the porous medium (Dmol), and mechanical
dispersion is controlled by the gas dispersivity of the
medium (α). Both kg and Dmol depend strongly on
Water Air Soil Pollut (2012) 223:4101–4118
DOI 10.1007/s11270-012-1176-7
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medium tortuosity (t) and anisotropy ratio (ξ) for gas
migration. While t defines the transport distance
through the porous medium (restricted by the pore
system) in comparison to the Euclidean (shortest) dis-
tance, ξ quantifies the directional dependency of the
porous medium transport properties.
The concept of tortuosity was first introduced by
Carman (1939) who found that the microscopic flow
path in soil was approximately
ﬃﬃﬃ
2
p
times longer than
the thickness of the soil sample. Later it has been
shown that t is related to porous medium properties
such as air-filled porosity, particle size distribution,
and particle geometry (Prager 1960; Weissberg 1963;
Boudreau 1996; Koponen et al. 1997; Moldrup et al.
2001; Nabovati and Sousa 2007; Matyka et al. 2008).
Van Brakel and Heertjes (1974) found that t could
be defined in terms of the average length of the diffu-
sion path through the porous medium. As a result of
this and similar findings (Boving and Grathwohl
2001; Weerts et al. 2001; Shen and Chen 2007), t is
now traditionally defined based on the ratio Dmol/Dvoid
where Dvoid is the molecular diffusion coefficient in
free air (Berner 1980; Boudreau 1996; Maerki et al.
2004). Although it is well known that both kg and Dmol
depends on medium structure (Kirkham et al. 1958;
Millington and Quirk 1964; Schjønning 1989; Blackwell
et al. 1990; Poulsen et al. 2001), relatively few inves-
tigations of the relation between t and kg have been
published. The results that have been published, howev-
er, agree that kg in general is inversely related to t (Kallel
et al. 2004; Shen and Chen 2007; Ghassemi and Pak
2011) although no specific relationships for predicting t
from kg have been suggested. Dispersivity (α) has been
shown to increase with travel distance through the po-
rous medium (Gelhar et al. 1992; Schulze-Makuch and
Cherkauer 1995; Schulze-Makuch 2005). Dispersion is a
result of differences in fluid travel time (due to differ-
ences in travel distance and velocity) through the pore
system of the porous medium. The wider the range of
fluid travel times for a given porous system, the larger
the value of α for that system. In larger scale systems,
porous medium physical properties such as particle and
pore size usually vary over a wider range than in small
scale systems resulting in a wider range of fluid travel
times and increasing values of α at larger scale. This is
especially the case in natural systems such as rock and
soil. Effects of scale on α are in general relatively well
understood and models for predicting their relationship
are available (Schulze-Makuch 2005). Gas dispersivity
has specifically been shown to depend on particle size
distribution and gas-filled porosity (Sharma and Poulsen
2009; 2010a, b) and it is therefore also almost certainly
related to t; however, no experimental investigations of
the relationship have yet been published.
Anisotropy ratio (ξ), which is typically a result of
particle, aggregate, or fracture orientation or due to
depositional features such as layering, describes the
directional dependence of porous medium properties
(Hunt et al. 2006). Several publications demonstrating
the dependency of ξ on porous medium physical prop-
erties such as particle/aggregate shape, particle/aggre-
gate orientation, and particle size distribution are
available. Existing studies of anisotropy indicate that
in natural systems such as soils and rock, medium
properties often differ vertically and horizontally while
there is often no dependency between material proper-
ties and the specific direction in the horizontal plane.
Examples are Chapuis and Gill (1989), Switzer and
Kosson (2007), Bagarello et al. (2009), Rowshanzamir
and Askari (2010), and Takeda et al. (2011). This means
that although anisotropy in theory is considered a three-
dimensional tensor, it is in reality often two dimensional.
The reason is that in many soils and similar materials, ξ
is strongly related to sedimentation, consolidation, and
weathering processes (Terzaghi 1943; Marcus and
Evenson 1961; Kenney 1963) which act in the vertical
direction. For homogeneous materials, Wyllie and Rose
(1950) found that ξ only depends on particle (or aggre-
gate) shape and orientation. For sedimentary materials,
including sedimentary rocks, the principal directions of
anisotropy (the directions where porous medium prop-
erties exhibit their largest and smallest values) are the
In contrast, very little is known about the relation-
ship between α and ξ in porous media. The main
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directions parallel and perpendicular to the bedding
plane respectively (Chapuis and Gill 1989). In aniso-
tropic materials, both kg and Dmol have been observed
to exhibit directional dependence (Terzaghi 1943;
Masland 1957; Evans 1962; Basak and Anandakr
1970; Van Loon et al. 2004; Garcia-Gutierrez et al.
2006; Nakashima et al. 2008; Soler et al. 2008; Dorner
and Horn 2009; Takeda et al. 2011). As a result of this, ξ
is often determined based on measured values of per-
meability or molecular diffusion coefficient (in the air or
water phase) taken in two different directions which are
usually vertical and horizontal (Chapuis and Gill 1989;
Switzer and Kosson 2007; Bagarello et al. 2009; Takeda
et al. 2011).
reason is likely that experiments for characterizing this
relationship are very time consuming to carry out. How-
ever, as α is related to porous media physical properties
such as air-filled porosity, particle size distribution,
and particle shape (Bear 1961; Nikolaevskii 1959;
Scheidegger 1960; Greenkorn and Kessler 1969; Nunge
and Gill 1969), α is likely also related to ξ. Guin et al.
(1972) used a mathematical model to investigate disper-
sion in hypothetical isotropic and anisotropic media
with cylindrical pores and found that the mechanical
dispersion coefficient Dmech is influenced by ξ the rea-
son being that the flow velocity is different in different
directions. There is, however, to the knowledge of the
authors no experimental documentation directly linking
α and ξ for gas migration in porous media.
The objective of this paper was therefore to inves-
tigate if, and how strongly gas dispersivity (α) is
related to tortuosity (t), anisotropy ratio (ξ), and other
porous medium properties, in anisotropic porous me-
dia aiming at identifying the significance of the corre-
lation, and the similarity of the relationships between
these and other parameters in different porous materi-
als. The aim was to provide information about what
parameters would be advantageous to use as basis for
development of models for estimating α in porous
media rather than developing specific models as this
will require substantially more data from a much wider
range of porous media than is possible to consider in
this paper. As most natural systems have been ob-
served to be two-dimensional anisotropic, such sys-
tems were also investigated here. The investigation
was carried out considering three different porous
materials: (1) slate chips (solid particles) representing
a single porosity material of variable anisotropy ratio,
(2) wood chips (porous particles) representing a dual
porosity material of variable anisotropy ratio, and (3)
pebbles, representing an isotropic, single porosity ma-
terial (as a reference material). These three materials
were chosen as they approximate both granular (slate
chips and pebbles), aggregated (wood chips), and to
some degree also fractured materials (wood and slate
chips) depending on packing configuration. They also
resemble many porous materials of both natural and
man-made origin. A further reason for using the wood
chips is that it is difficult to acquire especially dual
porosity aggregates of traditional materials such as soil
or sediments that are stable enough for packing and have
an aggregate shape allowing for packing configurations
with different tortuosity and anisotropy. It was further
chosen not to include effects of system scale in the
investigation as effects of scale on dispersivity are rela-
tively well understood as discussed above. Gas transport
experiments in the three materials were carried out using
oxygen and nitrogen as tracer gases as these are inex-
pensive, readily available, easy to measure, and safe to
use. The significance (strength) of the correlation and
the similarity of the relationships between porous medi-
um transport characteristics (including dispersivity) was
assessed using statistical evaluation based on a non-
parametric approach.
2 Theory
2.1 Advective Fluid Flow
Fluid flow through porous media at low flow veloci-
ties is generally described by Darcy’s law which in
one dimension is expressed as:
$P
L
¼ μ
kg
V ð1Þ
where ΔP is the pressure drop (M L−1 T−2) across the
sample, L is the distance (length of the sample) over
which the pressure drop takes place (L), kg is the gas
permeability (L2), μ is the dynamic viscosity of the
fluid (M L−1 T−1), and V is the superficial gas flow
velocity (L T−1). Equation (1) is only valid when
inertial forces in the flow field are negligible (which
is the case at low flow velocities). At higher flow
velocities, when inertial forces are important, the rela-
tion between Q and ΔP becomes non-linear and is in
such cases often described using the Forcheimer rela-
tionship (Forchheimer 1901):
$P
L
¼ μ
kg
V þ ρCV 2 ð2Þ
where ρ (M L−3) is the gas density and C is a material
specific constant (L).
2.2 Tracer Gas Transport
Transport of a tracer compound in porous media is
traditionally described by the advection dispersion
equation (ADE). For one-dimensional transport of a
conservative tracer gas in a column containing a
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homogeneous porous medium, under assumption of
uniform flow and dispersion, in the presence of both a
mobile and a stagnant (immobile) gas phase, the ADE
is given as:
@Cm
@t
¼ Dtot @
2Cm
@x2
þ u @Cm
@x
þ k Cim  Cmð Þ ð3Þ
where Cim and Cm are the tracer concentrations in the
immobile and mobile gas phases (M L−3), respectively.
Dtot is the overall dispersion–diffusion coefficient
(L2 T−1) which takes into account effects of mechanical
dispersion, molecular diffusion, and gas mixing in the
tubing leading the gas from the point of tracer introduc-
tion to the porousmedium column, and from the column
to the point of tracer breakthrough detection (Poulsen et
al. 2008). u is the pore gas velocity (interstitial velocity)
in the mobile gas phase (L T−1), k is the tracer mass
transfer coefficient (T−1) for mass transfer between the
mobile and immobile gas phases, and x and t are the
space (L) and time (T) variables.
Assuming that transport by molecular diffusion in
the immobile gas phase is negligible compared to the
transport in the mobile gas phase when advective gas
transport takes place, the immobile gas phase concen-
tration is described as:
@Cim
@t
¼  "m
"im
k Cim  Cmð Þ ð4Þ
where εm and εim are the mobile and immobile gas-
filled porosities (L3 L−3) in the porous medium, re-
spectively. In cases when no advective transport takes
place, the entire gas phase is immobile, and molecular
diffusion is the only transport mechanism. In this case,
gas transport is described as:
@Cm
@t
¼ Dmol @
2Cm
@x2
ð5Þ
where Dmol is the molecular diffusion coefficient
(L2 T−1). The immobile gas phase content and the
gas pore velocity are calculated as:
"im ¼ "tot  "m ð6Þ
u ¼  Q
A"m
ð7Þ
where εtot is the total gas-filled porosity. In case of a
medium without an immobile gas phase, the tracer
transport process is described by Eqs. (3), (6), and
(7) with k equal to zero and εm 0 εtot. The total gas-
filled porosity (εtot) in a porous medium containing
water is given as:
"tot ¼ 1 ρbρs
 wρb ð8Þ
where ρs is the solids density (M L
−3), ρb is the dry
bulk density (M L−3), and ω is the gravimetric water
content (M M−1). In a dual porosity medium consist-
ing of porous particles, the inter-particle (external)
porosity is given as:
"ex ¼ 1 ρbρp
ð9Þ
where ρp is the dry particle density (M L
−3).
2.3 Transport Parameter Relations
The diffusion/dispersion coefficient Dtot can be
expressed as:
Dtot ¼ Dmol þ Dmech þ Dmix ð10Þ
where Dmech is the contribution by mechanical disper-
sion (L2 T−1) and Dmix is the contribution from gas
mixing in the tubing leading to and from the column
(L2 T−1). Dmix generally depends on the geometry of
the experimental apparatus and can be minimized by
reducing tracer travel distances outside the porous
medium. While both Dmol and Dmix are constant,
Dmech generally increases linearly with increasing pore
gas velocity, except at very low gas flow velocities
(Poulsen et al. 2008; Hamamoto et al. 2009; Hunt and
Skinner 2010; Sharma and Poulsen 2010a). The rea-
son is that dispersion is a result of differences in travel
times for the gas molecules through the porous medi-
um (Delgado 2006) such that a wider range of travel
times results in larger values of α. At low velocities,
flow mainly occur in the large and often less tortuous
pores (having short travel times) while at higher ve-
locities flow will also occur in the smaller and more
tortuous pores (having long travel times). This means
that as velocity increases the range of travel times for
the gas molecules through the porous medium
increases, thereby increasing mechanical dispersion.
This mechanism is especially important in dual porous
materials that often have a very wide range of pore
sizes and pore tortuosities, resulting in a very wide
distribution of travel times. Particle surface roughness
is an additional factor affecting dispersion. Increased
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surface roughness will cause increased turbulence in a
gas flow passing across the surface. This will in turn
cause increased mechanical mixing of the gas
stream which results in increased dispersion. For one-
dimensional transport, the mechanical dispersion coef-
ficient can be expressed as:
Dmech ¼ ua ð11Þ
where α is the tracer mechanical dispersivity in the
mobile gas phase (L). At very low gas flow velocities,
flow dispersion is negligible and the linear relation
(Eq. (11)) does not hold (Delgado 2006).
The relationship between dispersivity and trans-
port distance through the porous medium (scale) is
often modeled using a power function type model as
(Neumann 1990; Schulze-Makuch 2005):
a ¼ CLe ð12Þ
where C (L(1 − e)) and e are material specific constants.
This means that if α at a given L, together with C and e,
for a given porous medium are known, values of α at
any other L for that medium can be calculated. Past
observations (Schulze-Makuch 2005) indicate that C is
on the order of 0.2 m(1 − e) while e varies between 0.5
and 1. The diffusion/dispersion coefficient can be de-
fined by combining Eqs. (10) and (11) yields:
Dtot ¼ Dmol þ ua þ Dmix ð13Þ
A plot of Dtot versus u or Dmol + Dmech versus u
should therefore yield a straight line with slope α
(Poulsen et al. 2008) except at very low gas flow
velocity.
In porous media, tortuosity (t) expresses the ratio of
the travel distance in a free gas volume (L) (in a straight
line) to the effective travel distance (Le) through the
tortuous pore system of the porous medium (Kozeny
1927):
t ¼ Le
L
ð14Þ
Tortuosity is, thus, a function of the pore system
geometry and has been shown in numerous studies to
control diffusive gas transport in porous media
(Moldrup et al. 2001; Shen and Chen 2007; Zhaowen
and Mingzhe 2010) according to the following
expression:
Dmol ¼ "tott Dvoid ð15Þ
where Dvoid represent the molecular diffusion coeffi-
cient in a free gas volume (L2 T−1). The quantity εtot
Dvoid in Eq. (15) actually represents the diffusion coef-
ficient in a medium with total (diffusion accessible) gas
filled porosity εtot and tortuosity t01. As Dmol is direct-
ly proportional to εtot, Dmol in a dual porosity medium
with a given εex is larger than in a single porosity
medium with the same εex.
In practice, t is usually determined via measure-
ments of Dmol and Dvoid in combination with Eq. (15);
however, t has also been proposed to be predicted
based on gas-filled porosity and several expressions
for predicting t from either εtot or εm have been
proposed (Comiti and Renaud 1989; Mauret and
Renaud 1997; Barrande et al. 2007; Matyka et al.
2008; Pisani 2011). Most of these expressions, how-
ever, are not able to take into account the effect of
porous medium particle or aggregate shape on tortu-
osity. Pisani (2011) proposed a simple geometrical
approach to derive tortuosity from porosity that in-
cluded a shape factor (σ) representing particle or ag-
gregate shape:
t ¼ 1 σ 1 "totð Þ½ 1 ð16Þ
The shape factor is defined by:
σ ¼ rg
Vp
ð17Þ
where r (L) is an equivalent particle “radius”, γ (L2) is
the particle surface area perpendicular to the direction
of flow, and Vp (L
3) is the particle volume.
Traditionally the anisotropy ratio (ξ) in two-
dimensional anisotropic systems has been defined as
(Chapuis and Gill 1989; Switzer and Kosson 2007;
Bagarello et al. 2009; Rowshanzamir and Askari
2010; Takeda et al. 2011):
x ¼ Zparallel
Zperpendicular
ð18Þ
where z is a porous medium transport property such as
Dmol or kg and subscripts parallel or perpendicular
refers to the directions in which the property is mea-
sured compared to the direction of interest. For isotro-
pic media, this means ξ01. In practice, therefore, ξ
in a porous medium is determined via measurements of
Dmol, kg, or other medium transport properties (such
as hydraulic conductivity) in combination with Eq.
(18).
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2.4 Statistical Assessment of Parameter Relationships
When comparing slopes (S) and intercepts (I) of linear
regression models, with either known constants or
slopes and intercepts of other linear regression models
to assess significant differences or similarities, a vari-
ety of statistical methods can be used. If a limited
number of measurements are used in the regression,
a non-parametric statistical test method such as per-
centile bootstrapping (Wilcox 1997) should be used to
get reliable results. When assessing a regression mod-
el, the first step is to generate for instance B01,000
artificial data sets having the same distribution and
containing the same number (N) of data points as the
set of original measurements used to develop the re-
gression model. Each artificial data set is created by
randomly drawing N data points one at a time (with
replacement) from the original data set. For each of the
B artificial data set, corresponding artificial values of
the slope (S*) and intercept (I*) are calculated. The S*
and I* values are then ranked from smallest to largest
and 95 % confidence intervals for the true slope (St)
and intercept (It) are calculated as:
SyB*  St  Sð1yÞB*; y
¼ 6  105N þ 0:0102; N < 250; y
¼ 0:025; N  250 ð19aÞ
I0:025B*  It  S0:975B*; for allN ð19bÞ
where the subscripts refer to the rank of the relevant S*
and I* values in the ranked lists. The statistical assess-
ment is then carried out as follows: if a given constant
(for instance zero) is located outside the confidence
interval, St (or It) is significantly different from the
constant at the 95 % confidence level. If the 95 %
confidence intervals for two slopes or two intercepts
do not overlap, the slopes or intercepts are significantly
different at the 95 % confidence level. Further details of
the statistical method can be found in Wilcox (1997).
3 Materials and Methods
3.1 Materials Used
Assessment of the relations between gas phase disper-
sivity (α), tortuosity (t), and anisotropy ratio (ξ) in
porous media were carried out using three different
commercially available materials. The materials were
(1) rounded pebbles (as an isotropic reference material),
(2) wood chips made from fir (Pinus sylvestris), and (3)
slate chips, all air dried for several weeks. Prior to
measurements, all three materials were screened and
all particles able to pass an 18-mm but retained by a
10-mm sieve (average overall particle diameter 14 mm)
were selected for the experiments. This specific particle
size range was selected as a trade-off between facilitat-
ing ease of packing, which had to be donemanually, one
particle at a time, and having a particle size that would
still mimic relevant natural and man-made systems such
as aggregated soils, weathered or fractured rock, and
various biofilter and building materials. Both the slate
and wood chips were roughly parallelepiped in shape,
while the pebbles were more rounded (Fig. 1).
Particle length (L1) was defined along the longest
edge of each particle, the width (L2) was defined at the
widest point of each particle perpendicular to the
direction of L1, and the thickness (L3) defined at the
widest point of each particle perpendicular to the
directions of both L1 and L2. For each of the three
materials, 30 particles were selected randomly and L1,
L2, and L3 were measured (see Table 1).
3.2 Porous Media Preparation
Prior to measurements, each of the materials was
packed into clear acrylic columns 15 cm in length
and 14 cm inner diameter. This column size was
chosen in order to avoid effects of preferential flow
along the column walls, which may occur if column
diameter is too small compared to the average particle
diameter. Earlier measurements of gas dispersion in-
dicate that effects of preferential flow is negligible if
the mean particle diameter is less than or equal to
about 8–10 % of the column diameter (Hiby 1962;
Sharma and Poulsen 2010a, b). For slate and wood
chips, three separate columns were packed each with a
different particle orientation. The columns were
packed with the L1, L2, or L3 dimensions being orient-
ed vertically (in the direction of flow), respectively,
while the other two particle dimensions were oriented
randomly in the horizontal plane. Thus, the anisotropy
tensor of the materials in each of the three columns
was two dimensional. The particle orientations were
labeled A (particle dimension L1 being vertical), B
(dimension L2 being vertical), and C (dimension L3
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being vertical). All columns were packed by manually
placing each single particle, one at a time with the
correct spatial orientation. Three additional columns
were packed using slate chips, wood chips, and peb-
bles, respectively, with the particles randomly oriented
in all three spatial dimensions (labeled D). These
columns therefore contained isotropic media. For col-
umns with particle orientation D, particles were not
packed one at a time but instead poured into the
column to achieve random orientation of particles in
all spatial directions. All columns were packed taking
care to achieve homogeneous packing and to reduce
differences in bulk density between particle orienta-
tions A, B, C, and D for each material as much as
possible. An illustration of the four particle orienta-
tions for the wood or slate chips is given in Fig. 2.
3.3 Porous Media Characterization
For all nine porous media (combinations of materials
and particle orientations), dry bulk density (ρb), particle
density (ρb), total air-filled porosity (εtot), and external
air-filled porosity (εex) were determined. Initially, the
gravimetric water content (ω) of all three air dry materi-
als was measured as the mass loss upon drying at 105°C
for 24 h. For the single porosity media slate chips and
pebbles, εtot (0εex) was then determined by saturating
the media with water and measuring the quantity of
water needed for saturation. Dry bulk density (ρb) for
the single porosity media was determined as the mass of
the dry media when packed into the column divided by
the column volume. Particle density ρp (0ρs) for the
single porosity media was then determined using Eq.
(8). This procedure could not be applied to wood chips
as they in contrast to the two other materials expand
upon wetting. Instead literature values for ρs and ρp
(Usta 2003; Breyer et al. 2006) were used together with
the measured ω in Eqs. (8) and (9) to calculate εtot and
εex. All measurements were carried out in duplicate.
3.4 Dispersion/Diffusion Coefficient Determination
Determination of (Dmol + Dmech) was carried out fol-
lowing the approach of Poulsen et al. (2008). The
(a) (b) (c)
10mm
Fig. 1 Illustration of the po-
rous materials used in the
gas transport experiments:
a pebbles, b wood chips,
and c slate chips
Table 1 Physical properties of
the three materials (slate chips,
wood chips, and pebbles) used
for assessing the relationships
between gas dispersivity (α),
tortuosity (t), and anisotropy
ratio (ξ)
Values in parentheses indicate
one standard deviation
aBased on Usta (2003)
and Breyer et al. (2006)
Materials
Slate chips Wood chips Pebbles
L1 (mm) 36 (7.4) 37 (7.1) 20 (2.9)
L2 (mm) 19 (5.2) 12 (3.8) 15 (2.7)
L3 (mm) 5.9 (1.8) 5.4 (2) 11 (2.1)
Solids density ρs (g cm
−3) 2.75 1.50a 2.75
Dry particle density ρp (g cm
−3) 2.75 0.57a 2.75
Air dry water content, w (g H2O g solids
−1) 0 0.095 0
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columns were fitted with polyethylene lids at both
(inlet and outlet) ends, and sealed using rubber O-
rings. Stainless steel mesh with 2-mm openings and 1-
mm thickness were installed at the column in- and outlet
to support the porousmedium. At either end, there was a
10-mm distance between the steel mesh and the lid to
allow an even gas distribution. The inlet (at the bottom)
end of the column was connected to an air/nitrogen
supply via a three-way valve and a precision ball flow
meter (model F150; Porter Instruments, Inc., Hatfield,
PA, USA) to control gas flow rate. The outlet lid was
equipped with an oxygen sensor (KE-12 galvanic oxy-
gen electrode; GS Yuasa Power Supply Ltd., Japan)
with 5-s response time for determination of effluent
oxygen concentrations. Readings from the oxygen sen-
sor (sampling every 5 s) were recorded by a data logger
(CR-1000; Campbell Scientific, Logan, UT, USA). At-
mospheric air and nitrogen were used as tracer gases.
Soft Teflon tubing with an inner diameter of 4 mm was
used to connect the system components. Figure 3a
shows a schematic of the experimental apparatus.
Columns were initially saturated with atmospheric
air (78 %N2 and 21 %O2) and Q adjusted to the
desired value. Once the effluent O2 concentration
was stable, the inlet gas was switched to N2. Care
was taken to make sure that Q remained constant
during the switch. A constant flow of N2 was main-
tained until the effluent O2 concentration reached zero.
At that point, the gas supply was switched back to
atmospheric air and Q maintained until a stable O2
concentration was once again observed. Oxygen and
nitrogen breakthrough curves were measured at Q0
0.5, 1.0, 1.5, 2.0, and 2.3 l/min.
The measured breakthrough curves were fitted to
Eqs. (3), (4), (5), (6), and (7) by optimizing the values
of Dmol + Dmech, k, and εm. Initial and boundary
conditions for the dispersion simulations were:
Initial condition
t ¼ 0; x  0 Cm ¼ Cim ¼ 21 %O2 ð20aÞ
Boundary conditions
0 < t  t1; x ¼ 0 Cm ¼ 21 %O2 ð20bÞ
t1 < t  t2; x ¼ 0 Cm ¼ 0 %O2
t > t2; x ¼ 0 Cm ¼ 21 %O2
(a)
(d)
(b)
(c) 10mm
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Fig. 2 Illustration of particle orientations used: a wood chips orientation A, b slate chips, orientation B, c wood chips, orientation (C),
and d slate chips, orientation D
where t1 and t2 are the points in time where the input
gas was switched from air to N2 and vice versa.
Overall, Eqs. (3), (4), and (5) were solved using an
explicit finite difference based model, corrected for nu-
merical dispersion. The solution included simulation of
the gas transport in tubing, inlet and outlet chambers,
and in the porous media such that effects of Dmix were
corrected for as part of the modeling. Optimum values
of Dmol + Dmech, k, and εm for all breakthrough curves
were determined by minimizing the sum of squared
errors (SSE) between measured and corresponding pre-
dicted effluent oxygen concentrations as:
SSE ¼
X
t¼0;max Cm;measuredðtÞ  Cm;predictedðtÞ
 2
ð21Þ
where Cm,measured (t) and Cm,predicted (t) are the measured
and predicted (by the model) effluent oxygen concen-
trations at time, t, respectively. The numerical solution
of Eqs. (3), (4), and (5) and the minimization procedure
were carried out using Microsoft Excel.
3.5 Molecular Diffusion Coefficient Determination
Determination of Dmol was carried out using the same
columns as used in the Dmol + Dmech determination.
For Dmol determination, however, the top of each
15-cm column was connected to a 25-cm-long empty
column of the same diameter fitted with a KE-12
oxygen electrode, closed with a polyethylene lid (with
a gas inlet) at the top, and sealed using rubber O-rings.
The inlet was connected to the same air/nitrogen sup-
ply assembly as used for the Dmol + Dmech determina-
tion. Soft Teflon tubing with an inner diameter of
4 mm was used to connect system components.
The bottom of the 15-cm column was placed on a
movable metal sheet such that the sheet could be slid
out from under the column leaving it opened to the
atmosphere without disturbing the gas inside the col-
umn. The connection between sheet and column was
not tight but allowed gas to seep out of the column
with the sheet in place as long as the pressure inside
the column was higher than outside. This allowed for
saturating the column with N2 prior to letting air
diffuse into the column. The reason for having the
bottom end open to the atmosphere rather than the
top was to prevent effects of gravity-driven gas flow
as air is slightly heavier than N2. During measurements
the experimental apparatus was placed in a closed cham-
ber to reduce air movement around the apparatus and
prevent disturbance to the diffusion process. A schema-
tic of the apparatus is given in Fig. 3b.
(c)
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mesh 
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N2 supply 
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Fig. 3 Experimental set-up for measurements of a gas dispersion-diffusion coefficients (Dtot), b molecular gas diffusion coefficients
(Dmol), and c gas permeability (kg)
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Columns were initially saturated with N2 via the
inlet. The flow was then switched off and the metal
sheet immediately removed from below the column
allowing air to diffuse back in. Gas diffusion values
were then determined by fitting Eq. (5) to the mea-
sured breakthrough curves using Dmol as fitting
parameter.
Initial and boundary conditions for the diffusion
simulations were:
Initial condition
t ¼ 0; x  0 Cm ¼ 0 ð22aÞ
Boundary condition
t > 0; x ¼ 0 Cm ¼ 20:9 %O2 ð22bÞ
Optimum values of Dmol were determined using the
same procedure as used for the Dmol + Dmech determi-
nation with k00 and εm 0 εtot.
3.6 Gas Permeability Determination
Determination of gas permeability (kg) for all nine
media was carried out using the same 15-cm column
as used for the (Dmol + Dmech) and Dmol measure-
ments. For the kg measurements, however, the col-
umns were fitted with a polyethylene lid and sealed
with a rubber O-ring at the bottom. A stainless steel
mesh with 2-mm openings and 1-mm thickness was
installed to maintain a distance of 10 mm between the
lid and the porous medium. The top of the column was
kept open to the atmosphere while the bottom was
connected to a supply of compressed atmospheric air
via a valve and a precision ball flow meter (model
P450; Porter Instruments). Soft Teflon tubing with an
inner diameter of 4 mm was used to connect system
components. Corresponding values of Q and ΔP
across the columns were measured for Q ranging
between 0 and 50 lmin−1 using an Alnor AXD 560
digital manometer connected to the bottom and the top
of the column. This relatively wide range of Q was
used to get a more reliable determination of the Q–ΔP
relationship for each medium. A schematic of the
experimental set-up is shown in Fig. 3c. Measured
ΔP values were corrected for the pressure drop across
the empty column with the metal mesh in place. As the
Q–ΔP relationship was approximately linear for the
range of Q values used in the Dtot measurements,
values of kg were calculated using Eq. (1).
4 Results and Discussion
4.1 Transport Parameters
Values of εtot, εex, kg, and Dmol are shown in Table 2
for all materials and particle orientations considered.
Although care was taken to ensure similar values of
εex for each material across all particle orientations,
orientations C and D exhibit slightly higher εex values
than do A and B for both slate and wood chips. The
pebbles, having a more rounded shape, show a lower
value of εex than the wood and slate chips. Values of kg
were highest for particle orientation A and lowest for
orientation C for both slate and wood chips (Table 2).
Orientation D for both slate and wood chips as well as
for pebbles showed intermediate kg values. The reason
is that for particle orientation A, part of the pore
system consists of large continuous highly conductive
pores (channels) parallel to the direction of flow offer-
ing reduced flow resistance while for orientation C
these channels are not present resulting in increased
flow resistance. Gas permeability is, thus, as expected
directly controlled by particle orientation but less so
by external porosity which is typically the case in
homogeneous soils. Measurements of kg can therefore
be used to characterize the particle or aggregate orien-
tation of aggregated or fractured porous media.
All measured O2–N2 breakthrough curves were
generally well described by Eqs. (3), and (4) for
u >0, and Eq. (5) for u00 indicating that the experi-
mental conditions used were adequate for measuring
Dmech and Dmol.
Figure 4a shows selected measured and fitted O2–
N2 breakthrough curves for Q00.5 lmin
−1 (advective,
diffusive, and dispersive gas transport taking place) in
wood chips. The four breakthrough curves in Fig. 4a,
representing the four different particle orientations
(A, B, C, and D), all exhibit the sigmoid shape expected
for this type of experiment. This was also the case for the
remaining measured breakthrough curves for both wood
and slate chips at u >0.
In general, the breakthrough curves exhibited only
a small amount of tailing indicating that the presence
of an immobile gas phase to which gas exchange takes
place was limited (εim≈0). This also means that no
significant preferential flow along the column walls
occurred as this will result in significant tailing of the
breakthrough curves. Fitted values of (Dmol + Dmech)
using Eq. (3) were highest for particle orientation A
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and lowest for orientation C. This was the case for
both wood and slate chips although wood chips gen-
erally exhibited higher (Dmol + Dmech) values, likely
because the surface of the wood chips is somewhat
rougher than slate chips (Fig. 1) resulting in increased
turbulence and mixing and, thus, increased dispersion.
Selected measured and fitted O2–N2 breakthrough
curves for u00 (only molecular diffusion taking place)
are shown in Fig. 4b for selected materials and particle
orientations. All curves asymptotically approach the
atmospheric oxygen concentration over time. Diffu-
sion was faster in materials with particle orientation A
for both slate and wood chips (the curve approach
atmospheric oxygen concentration faster) and slowest
in material with particle orientation C. This is a direct
consequence of t being lowest for particle orientation
A and highest for orientation C. Wood chips exhibited
higher Dmol values than slate chips for identical parti-
cle orientation (Table 2). Part of the reason is probably
that the wood particles are porous allowing for diffusion
through the particles meaning that the total gas-filled
porosity and, thus, the cross-sectional area available for
diffusion is larger in wood chips than in slate chips for
the same particle orientation.
For each material and particle orientation, t was de-
termined using Eq. (15) together with the corresponding
Dmol values and Dvoid013.5 cm
2 min−1 (CRC 2011),
while ξ was determined using Eq. (18) together with
either corresponding values of kg (labeled ξk) or Dmol
(labeled ξD). For particle orientation A, kg,perpendicular,A
was defined as the average of kg,B and kg,C. A similar
approach was used for the other particle orientations for
both kg and Dmol. Values of t, ξk, ξD, and σ (calculated
using Eq. (17)) are shown in Table 2.
Table 2 Gas transport parameters: total gas-filled porosity
(εtot), external gas-filled porosity (εex), gas permeability (kg),
molecular diffusion coefficient (Dmol), tortuosity (t), anisotropy
ratio based on kg (ξk), anisotropy ratio based on Dmol (ξD), shape
factor (σ), and gas dispersivity (α) for the nine combinations of
material and particle orientation considered
Material εtot
(cm3 cm−3)
εex
(cm3 cm−3)
kg
(10−5 cm2)
Dmol
(cm2 min−1)
τ ξk ξD σ α (cm)
Slate chips A 0.47 0.47 3.63 5.37 1.19 1.53 1.43 0.30 0.59
Slate chips B 0.47 0.47 3.21 4.70 1.37 0.89 0.87 0.51 0.43
Slate chips C 0.52 0.52 1.53 2.79 2.57 0.42 0.52 1.28 0.22
Slate chips D 0.52 0.52 2.61 3.87 1.84 1.00 1.00 0.95 0.47
Wood chips A 0.75a 0.53 5.91 7.74 1.33 1.59 1.78 1.01 1.01
Wood chips B 0.75a 0.53 4.50 5.13 2.01 0.76 0.66 2.03 0.79
Wood chips C 0.76a 0.54 2.96 3.54 2.95 0.50 0.46 2.78 0.65
Wood chips D 0.78a 0.58 3.75 4.36 2.45 1.00 1.00 2.69 0.88
Pebbles 0.41 0.41 2.55 3.61 1.57 1.00 1.00 0.62 0.65
a Based on Usta (2003) and Breyer et al. (2006)
Fig. 4 Measured fitted values of effluent oxygen concentration
for selected materials and particle orientations: a dispersion,
diffusion, and advection at a gas flow rate (Q) of 0.5 lmin−1
and b molecular diffusion. Symbols indicate measured data and
curves are model predictions
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Values of (Dmol + Dmech) were fitted for each ma-
terial and particle orientation using Eq. (3) corrected
for Dmix, and (4) together with the measured O2–N2
breakthrough curves measured for u >0 for all materi-
als and particle orientations. These are shown in Fig. 5
as a function of u. In all cases, the (Dmol + Dmech)–u
relationships are approximately linear in accordance
with Eqs. (11) and (13) except at low velocities (indi-
cated by broken curve sections) where the slopes tend
to decrease, as also discussed earlier, and intercept
the y-axis at Dmol. Dmol ranges between 2.8 and
7.7 cm2 min−1, while Dmech ranges between approxi-
mately 3 and 26 cm2 min−1 depending on medium and
gas velocity (Fig. 5). In comparison, model simula-
tions yielded Dmix values of about 0.5 cm
2 min−1.
For a selected u, wood chips exhibit higher values of
(Dmol + Dmech) compared to slate chips and pebbles.
As mentioned above, this could be because the surfa-
ces of the wood chips are rougher than the slate chips
and pebbles, and furthermore because this material is
dual porous, which as discussed earlier can result in
larger Dmech. Also, the wood chips have a much higher
total porosity than slate chips (due to its high intra-
particle porosity) which result in larger values of Dmol
in accordance with Eq. (15). Linear regression lines
were fitted to the (Dmol + Dmech)–u data for u >0. The
average regression coefficient (r2) for all linear regres-
sion lines in Fig. 5 was 0.97. Dispersivity (α), repre-
sented by the slopes of the regression lines (Eq. (11)),
were determined (Table 2). For both slate and wood
chips, α was highest for particle orientation A and
lowest for particle orientation C. For the pebbles, α
was very close to the average dispersivity for all other
materials and particle orientations combined (0.65 vs.
0.63 cm, respectively). The α value for pebbles also
corresponds well with earlier measurements of α in
gravel materials of similar particle size by Sharma and
Poulsen (2010a, b) who observed α values of 0.3–
0.9 cm. A summary of the data is given in Table 2.
4.2 Transport Parameter Relationships
The data in Table 2 indicate a direct proportionality
between kg, Dmol, and both ξD and ξk while σ is
inversely related to ξ. This is to be expected as ξ and
t are dependent and that τ is defined based on the
magnitude of Dmol (Eq. (15)) and are directly defined
by the orientation of the particles relative to the direc-
tion of transport. It also means that in media consisting
of non-spherical particles or aggregates,Dmol is strongly
dependent on particle or aggregate orientation.
The Dmol–kg, α–kg, and α–Dmol relations are shown
in Fig. 6 for all three materials and particle orienta-
tions. For both slate and wood chips, Dmol is propor-
tional to kg (Fig. 6a). From Table 2, it is seen that both
kg and Dmol for both wood and slate chips are inde-
pendent of both εtot and εex in contradiction to what is
normally observed in isotropic media such as many
soils (Poulsen et al. 2006, 2007; Moldrup et al. 2007;
Hamamoto et al. 2011). This clearly shows that in
anisotropic media both kg and Dmol can depend on
particle (or aggregate) orientation to a degree that
can mask out effects of variations in gas-filled poros-
ity. Dispersivity (α) is proportional to both kg and Dmol
for both wood and slate chips (Fig. 6b, c), which
means that α also is strongly dependent on particle
orientation. Thus, in anisotropic media it may be pos-
sible to predict α based on either Dmol or kg, both of
which are much easier to measure than α. It is noted
that the kg–Dmol, the kg–α, and the Dmol–α relations in
addition to particle orientation likely also depend on
particle shape which should, thus, also be taken into
account when developing prediction models.
Figure 7 shows α as a function of t (Fig. 7a), σ
(Fig. 7b), ξD (Fig. 7c), or ξk (Fig. 7d) for all materials
and particle orientations. For both slate and wood
chips, the relationships are approximately linear within
the t, σ, or ξ ranges investigated, such that α decreases
linearly with increasing t and σ, and increases linearly
Fig. 5 Calculated values of (Dmech + Dmol) based on oxygen
breakthrough curves, as a function of pore gas velocity (u), for
all nine materials and particle orientations considered. Linear
relationships represent best fit regression lines to all data for Q >0
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with increasing ξD and ξk. In all four cases, the pebbles
fall within the region spanned by the wood and slate
chips. Although the α–ξk and the α–ξD relationships are
different, they are both strong, indicating that when
developing models for predicting α from ξ, both rela-
tionships could be used as a starting point. Seen from an
economic and time consumption perspective, ξk can
with advantage be used as kg is much simpler and faster
to measure than Dmol.
The reason why α increases with ξ is that disper-
sion is caused by differences in the amount of time it
takes individual gas particles to pass through the po-
rous medium. Transport time for a given gas particle in
turn is controlled by the tortuosity of the individual
pore (or succession of connected pores) through which
it passes, the average velocity at which it moves
through the pore, and the amount of turbulence and
mixing within each pore. This means that α in a
porous medium depends on both the distribution of
tortuosities of the gas conducting pores and the distri-
bution of gas velocities within these pores. The wider
the range of transport times (the wider the range of gas
Fig. 6 Relationships between a Dmol and kg, b dispersivity (α) and kg, and c α and Dmol for all materials and particle orientations
Fig. 7 Calculated values
of α as a function of a
tortuosity (τ), b shape
factor (σ), c anisotropy
ratio based on Dmol (ξD),
and d anisotropy ratio
based on kg (ξk)
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conducting pore tortuosities and average pore gas flow
velocities) the larger the value of α. In anisotropic
media, the widest range in both pore tortuosity and
gas pore velocity occur in the spatial direction
corresponding to the largest average value of ξ (as
defined by Eq. (18)). Consider for instance a medium
consisting of layers of coarse and fine materials where
the ranges of both individual pore tortuosity and pore
gas flow velocity will be larger if gas flow occurs
parallel to the layers (where different gas particles pass
through different materials) compared to flow perpen-
dicular to the layers (where all gas particles pass
through the same materials).
4.3 Statistical Significance of Parameter Relationships
To evaluate whether the α–t, α–σ, α–ξD, α–ξk are
statistically significant, it was tested whether the
slopes (S) of the best fit linear regression lines to the
data were significantly different from zero. To evalu-
ate whether the relationships were significantly differ-
ent for slate and wood chips, it was tested whether the
slopes (S) and the intercepts (I) of the best fit linear
regression lines for the individual relationships for
these two materials were significantly different. Be-
cause each data set contains only four values, the non-
parametric bootstrapping method (Wilcox 1997) was
used. Values of S and I for the α–t, α–σ, α–ξD, α–ξk
best fit linear regression lines for both wood and slate
chips are given in Table 3. In addition, the levels of
statistical significance in terms of the p values for test
of Swood≠0, Sslate≠0, Swood ≠ Sslate, and Iwood ≠ Islate for
the α–t, α–σ, α–ξD, and α–ξk relationships are given
in Table 3. A specific value of p (%) means that the
test result is significant at the (100−p) % level.
For all the four relationships in Fig. 6, it is seen
from Table 3 that all four slopes are significantly
different from zero, confirming that there is a strong
and significant relationship between α and t, σ and ξ
and that these parameters with advantage can be used
as a starting point for development of models for
predicting α. For each relationship slopes for wood
and slate chips are not significantly different at the
95 % level (p>2.5 %) but the intercepts are which
means that there is a significant difference between the
relationships for the two media. As the main differ-
ences between the wood and slate chips are associated
with particle surface roughness and intra-particle
Table 3 Slopes (S) and intercepts (I) for best fit linear regression lines, and p values: p(|S|>0), p(Swood ≠ Sslate), and p(Iwood ≠ Islate) for
the α–t, α–σ, α–ξD, α–ξk, ξD–ξk, t–ξk, t–ξD, t–σ, σ–ξk, and σ–ξD relationships in Figs. 7 and 8
Relationship Material S I p(|S|>0) % p(Swood≠Sslate) % p(Iwood≠Islate) %
α–τ Wood −0.22 1.31 <0.1* 36 <0.1**
Slate −0.24 0.84 <0.1*
α–σ Wood −0.17 1.20 <0.1* 12 <0.1**
Slate −0.33 0.67 <0.1*
α–ξD Wood 0.21 0.62 <0.1* 16 0.7**
Slate 0.38 0.06 <0.1*
α–ξK Wood 0.28 0.56 0.3* 39 1.2**
Slate 0.32 0.12 <0.1*
ξD–ξK Wood 1.25 −0.23 <0.1* 5.5 <0.1**
Slate 0.83 0.16 <0.1*
τ–ξk Wood −1.30 3.44 <0.1* 48 28
Slate −1.18 2.87 <0.1*
τ–ξD Wood −1.00 3.17 <0.1* 35 48
Slate −1.39 3.07 2.4*
τ–σ Wood 0.81 0.47 <0.1* 18 23
Slate 1.36 0.71 <0.1*
σ–ξk Wood −1.48 3.55 12 48 28
Slate −0.84 1.56 <0.1*
σ–ξD Wood −1.17 3.27 15 49 3.6
Slate −0.98 1.70 <0.1*
*Significantly larger than zero at the 95 % confidence level, **significantly different at the 95 % confidence level
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(internal) porosity, these two parameters are, as also
mentioned earlier, the likely reason for the difference.
This means that even if different materials have similar
particle shape, size, and orientation, their α values
may still be different depending on particle surface
properties and particle internal porosity. On the other
hand, because the relationship between α and system
scale (transport distance) is a monotonously increasing
function (Eq. (12)), the nature (correlation strength,
differences, and similarities) of the relationships be-
tween α and other porous medium properties (such as
t, σ, ξD, and ξk) is most likely independent of scale.
Figure 8 shows the ξD–ξk, t–ξk, t–ξD, t–σ,
σ–ξk, and σ–ξD relationships for all three materials.
Corresponding p values for test of |S|>0, Swood ≠
Sslate, and Iwood ≠ Islate are given in Table 3. While
the slopes of the two ξD–ξk relationships in Fig. 8a are
not significantly different, their intercepts are (Table 3).
This suggests that values of ξ based on either kg or Dmol
cannot be assumed equal for high or low values of ξ and
for different materials. The slopes, exhibiting positive
values, are significantly larger than zero (Table 3) indi-
cating strong relationships and suggesting a possibility
for predicting ξk from ξD or vice versa. Tortuosity
decreases with increasing ξk and ξD (Fig. 8b, c) with
slopes significantly smaller than zero, but neither S
nor I for wood and slate chips are significantly different
(Table 3). The high p values actually suggest that S and I
values for the two materials may be assumed equal
although more data are needed to verify if this is the
case. Again, this shows that t and ξ are strongly related
and suggests the possibility for predicting t from ξ or
vice versa in anisotropic materials. Tortuosity increases
with increasing σ for both wood and slate chips
(Fig. 8d), but although S values are significantly larger
than zero, neither slopes nor intercepts are significantly
different between the two materials. The reason for the
lack of difference is likely that the materials used here
have similar particle shape, particle size, and external
porosity. It is, thus, likely that materials with different
particle size and shape will exhibit different relation-
ships. The data, however, also suggests that in materials
Fig. 8 Relationships between a ξD and ξk, b τ and ξk, c τ and ξD, d τ and σ, e σ and ξk, and f σ and ξD for all materials and particle
orientations
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of similar particle shape, particle size, and external
porosity, the quantity of internal porosity does not affect
the relationships.
For both slate and wood chips, σ is inversely pro-
portional to ξ (Fig. 8e, f) as was also the case for t (a
result of the relation between t and σ given by Eq.
(16)). For the same ξ, wood chips exhibit larger values
of σ although the data in Table 3 shows that the
difference is not statistically significant. In fact, the
data suggests that the slopes of the relationships may
be identical.
5 Conclusion
Gas permeability (kg), molecular gas diffusion coeffi-
cient (Dmol), gas dispersivity (α), porous medium tor-
tuosity (t), anisotropy ratio (ξ), and particle shape
factor (σ) were measured in three different porous
media with similar particle size (slate chips, represent-
ing a single porosity, anisotropic material, wood chips,
representing a dual porosity, anisotropic material, and
pebbles, representing a single porosity, isotropic me-
dium). Different levels of these parameters were
achieved by packing the materials with different spa-
tial orientation of the particles relative to the direction
of transport. A total of nine combinations of material
and particle orientation were considered.
For both slate and wood chips, α was directly
proportional and linearly related to kg, Dmol, and ξ
but inversely proportional (but still linearly related)
to t and σ. The reason for the direct proportionality
with ξ is likely that for large ξ, the range of travel path
lengths and travel velocities experienced by individual
gas molecules is wider than for small ξ. A wide range
of travel lengths and travel velocities will result in
increased dispersion and thus increased dispersivity.
As kg, Dmol, t, and σ are all governed by ξ, they will of
course also be related to α. The direct proportionality
between α and kg, Dmol, implies that α may be pre-
dicted from either kg or Dmol. This is advantageous as
both Dmol and kg are significantly easier and simpler to
measure than α (this is especially the case for kg). To
develop expressions for such predictions, however,
many more measurements of α across a significantly
wider range of isotropic and anisotropic media are
required; however, this is beyond the scope of this
paper. The results presented here in terms of signifi-
cance of correlation and similarities of the porous
media parameter relationships on the other hand are
very likely general across different system scales and
media types. Thus, the results can very likely be used
as a starting point for model development across dif-
ferent media and system scales.
Wood chips generally exhibit higher values of α for
identical values of kg, Dmol, t, ξ, or σ. As particle size
and particle shape was similar for the two materials,
this difference could be explained by the somewhat
rougher surface of the wood chips compared to slate
chips, resulting in increased gas turbulence and mix-
ing which results in increased dispersion. This means
that in fractured or aggregated media, not only the
aggregate shape and orientation but also the roughness
of the aggregate surfaces controls dispersion. Values
of ξ determined based on either kg or Dmol were similar
for wood and slate chips at the same particle orienta-
tion although a statistical test of the values indicated
that they could not be assumed identical. This means
that although ξ can be determined based on either kg
(ξk) or Dmol (ξD), resulting ξ values are not necessarily
the same. Whether the directional dependence α as a
result of anisotropy is best described by ξk or ξD is
difficult to assess directly based on the data presented
here. It could be argued that Dmol can be determined
with less uncertainty compared to kg which is more
variable and thus ξD should be used. On the other
hand, as kg is much faster to measure, the use of ξk
offers significant time savings. For a more firm con-
clusion, more data from a larger range of materials
than used here are required. Tortuosity and anisotropy
ratio were inversely, linearly related and the t–ξ rela-
tionships were not significantly different between
materials, likely because the materials used here had
similar particle size, particle shape, and external po-
rosity. It is very likely that relationships will differ
between materials with different particle size, shape,
or external porosity.
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" Elution rate decreases at increasing dynamic holdup.
" High surface area and wide particle size distribution cause low elution rate.
" High irrigation velocity cause high elution rate and reduced water utilization.
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a b s t r a c t
Elution of inhibitory metabolites is a key parameter controlling the efﬁciency of air cleaning bio- and bio-
trickling ﬁlters. To the authors knowledge no studies have yet considered the relationship between spe-
ciﬁc surface area related elution velocity and physical media characteristics, which constitutes a scientiﬁc
gap. This study investigates the impact of particle size distribution (considering materials with multiple
particle sizes) and irrigation rate on the overall speciﬁc surface area related elution velocity distribution
in porous granular media. The elution measurements performed in this study are performed at a concur-
rent airﬂow of 0.3 m s1, water irrigation rates of 1–21 cm h1 in materials with particle diameters rang-
ing from 2 to 14 mm to represent media and operation conditions relevant for low ﬂow biotrickling ﬁlter
design. Speciﬁc surface area related elution velocity distribution was closely related to the ﬁlter water
content, water irrigation rate, media speciﬁc surface area and particle size distribution. A predictive
model linking the speciﬁc surface area related elution velocity distribution to irrigation rate, speciﬁc sur-
face area and particle size distribution was developed and predicted the observed speciﬁc surface area
related elution velocity distributions with a mean error of 9%.
 2013 Elsevier B.V. All rights reserved.
1. Introduction
Bioﬁltration is a cost effective air pollution control technology
[1,2]. A frequent cause of poor bioﬁlter performance is insufﬁcient
moisture content and non-uniform moisture distribution within
the bioﬁlter medium [3]. Controlling bioﬁlter moisture level is
important for bioﬁlter efﬁciency, as drying of the bioﬁlter medium
can reduce bioﬁlter efﬁciency due to gas ﬂow channeling and local-
ized dry spots with low microbial activity [4–11]. To maintain suit-
able bioﬁlter moisture content, bioﬁlters often receive pre-
humidiﬁed air and/or irrigation [6,8,10–12]. Strictly speaking irri-
gated bioﬁlters becomes biotrickling ﬁlters as soon as a moving
water phase is present, however, as this study focus on low ﬂow
biotrickling ﬁlters the term bioﬁlter will be applied to indicate
the low irrigation velocity. Irrigation of bioﬁlters can further be uti-
lized for distribution of nutrients, controlling pH and removal of
toxic degradation products, all crucial parameters for bioﬁlm activ-
ity and bioﬁlter performance [13–15]. In contrast, high volumetric
water content (caused by high irrigation rates) can reduce bioﬁlter
efﬁciency by reducing oxygen and substrate supply to the bioﬁlm
(especially hydrophobic gaseous compounds) [16–19]. Even in irri-
gated bioﬁlters, if the water is not evenly distributed in the ﬁlter
bed, local dry areas or areas with reduced water ﬂow can develop
[20], resulting in reduced biomass activity which can lead to de-
creased overall bioﬁlter performance. Media which facilitates
homogeneous distribution of the water ﬂow/water exchange
across the complete media speciﬁc surface areas therefore seem
optimal.
Although water supply to the media speciﬁc surface area is
known to be a crucial bioﬁlter property relatively little is known
about this phenomenon. Distribution of water/air in bioﬁlters is of-
ten described through the so-called residence time distribution
(RTD), a distribution obtained through tracer tests, where pulses
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of tracer are led through saturated as well as unsaturated columns
[21–24]. Simpliﬁed RTD in a porous media is an artifact of the pres-
ence of mobile and immobile water volumes as well as their inter-
nal mass transfer. This means that RTD in theory only depend on
these volumes and thereby only indirectly are connected to the
media speciﬁc surface area. RTD’s are therefore independent of in-
ter media dry spots as these do not contribute to the transport nor
the retention of tracer. This means that RTD cannot be directly ap-
plied for estimating the utilization potential (wetted surface area/
total surface area) of the medium. In fact to the authors knowledge
no study has addressed speciﬁc surface area water retention time
distribution (S-RTD) as related to irrigation rate and ﬁlter medium
particle size distribution in bioﬁlters with air ﬂow based on tracer
elution measurements.
The objective of this study is therefore, to develop a method for
estimating S-RTD and relate it to media particle size distribution
and irrigation rate. The aim is to assess S-RTD as a function of irri-
gation rate and particle size distribution. S-RTD will be assessed
based on breakthrough curves using chloride as a tracer for a range
of seven different irrigation rates applied to media with 21 differ-
ent particle size distributions with particle sizes of 2–14 mm.
As the focus of this study is on the relation between material
physical properties and S-RTD, investigations will be carried out
under conditions where no biomass is present. This is done to fully
understand the link between the S-RTD and the physical properties
of the utilized medium. It is recognized that biomass strongly af-
fects bioﬁlter water content as well as pore size distribution [25].
Therefore the results provided in this study cannot be applied di-
rectly to bioﬁlters containing biomass, as the presence of biomass
is likely to alter the distribution of water. However as this study
mainly serves to understand and describe the link between S-
RTD and medium physical characteristics, investigations based
on clean media were preferred, as uneven distribution of biomass
within the ﬁlter media will introduce additional uncertainties
and complicate the understanding of the relationship.
2. Theory
Irrigation water added to the top of a bioﬁlter will trickle down
through the medium creating local regions with different water
velocities. The distribution of these velocities depends on the
quantity of water held in the ﬁlter deﬁned as the total liquid hold-
up. The total liquid holdup (h) in irrigated porous media constitutes
the dynamic (hdyn) and static (hst) holdup. Traditionally the hdyn in a
trickle bed reactor is deﬁned as the drainable volume after gas and
liquid ﬂow through the bed are stopped, while the hst is the
remaining volume after drainage [26]. This static holdup consists
of the liquid in the intra-particle pores (only for porous particles)
as well as the liquid held in the inter-particle pores [26]. Static
and dynamic holdup in soils (often labeled water retention) have
been investigated extensively [27–29], and a wide selection of pre-
dictive expressions are available [27–29]. Soils, however, consists
of particles that are typically 2–5 orders of magnitude smaller than
for bioﬁlters, thus, ﬂow and retention properties of soils are very
different from those found in most bioﬁlter materials. Several cor-
relations relevant for bioﬁlter materials have been proposed [30–
35] for predicting these holdups which for materials consisting of
spherical particles can be written as:
P ¼ K1Vaabt þ Ko ð1Þ
where P is either hdyn or h, V is the superﬁcial liquid velocity, at is
the speciﬁc surface area = 6(1 U) d1p , where U is total porosity
and dp is particle diameter and K1 is a combined correlation speciﬁc
constant including various parameters such as gas and liquid vis-
cosity, gas and liquid density and media porosity. Parameters a, b
Nomenclature
at ﬁlter medium speciﬁc surface area (L2 L3)
C concentration (M L3)
Cd drainage water salt concentration (M L3)
Cim-w immersion water salt concentration (M L3)
dp particle diameter (L)
d particle diameter (L)
dm mean particle diameter (L)
K0 empirical constant ()
K1 empirical constant ()
L ﬁlter length (L)
MRE mean relative error ()
Md mass of drained water (M)
Mwet mass of wet ﬁlter media (M)
Mdry mass of dry ﬁlter media (M)
MR mass of residual salt in the ﬁlter media at experiment
termination (M)
ME eluted salt mass (M)
M0 initial salt mass (M)
RTD residence time distribution ()
S-RTD speciﬁc surface area water retention time distribution
n number of measurements ()
q elution quantile ()
Q ﬂow rate (L3 T1)
R particle size range (L)
Nq number of eluted water ﬁlled pore volumes at a given
quantile, q = 10%, q = 50% and q = 90% ()
V superﬁcial liquid velocity (L T1)
WFPV water ﬁlled pore volume ()
Vim-w volume of immersion water (L3)
P parameter for empirical ﬁt
q quantile (eluted salt/total salt) ()
t time (T)
tq, t10, t50, t90 quantile elution time for: any q, q = 10%, q = 50% and
q = 90% (T)
Greek letters
a empirical constant ()
b empirical constant ()
j1 empirical constant ()
j2 empirical constant ()
c empirical constant ()
h volumetric water content (L3 L3)
l viscosity (M T L3)
q density (M L3)
U porosity (L3 L3)
Dt Time interval between measurements (T)
Sub and super scripts
0 aggregated empirical constant
N parameter for N
dyn dynamic
st static
b bulk
w water
p particle
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and K0 are empirical constants. An overview of the values of a, b and
K0 proposed in various studies can be found in Table 1.
3. Materials and methods
3.1. Media used
Water ﬂow exchange characteristics in bioﬁlter material were
investigated using media consisting of crushed granite. This mate-
rial was chosen because of its very low internal porosity (0.4–
1.5%). Granite further has the advantage of being relatively inert
and mechanically stable compared to other bioﬁlter media such
as straw or woodchips. The granite were provided by a local sup-
plier and sieved into six particle size fractions. These fractions
had a particle size range (R) of 2 mm, and particle diameters (d)
of 2 6 d < 4 mm, 4 6 d < 6 mm, 6 6 d < 8 mm, 8 6 d < 10 mm,
10 6 d < 12 mm and 12 6 d < 14 mm corresponding to mean parti-
cle diameter (dm) values of 3, 5, 7, 9, 11 and 13 mm, respectively.
Additional fractions with R = 4 mm (dm = 4, 6, 8, 10, 12 mm),
R = 6 mm (dm = 5, 7, 9, 11 mm), R = 8 mm (dm = 6, 8, 10 mm),
R = 10 mm (dm = 7, 9 mm) and R = 12 mm (dm = 8 mm and uniform
particle size distribution were produced by combining appropriate
quantities (by weight) of the original R = 2 mm size fractions. Uni-
formparticle size distributionswere chosen for two reasons: (I) that
bioﬁlter materials are usually available in pre-sorted fractions and
(II) to have well-deﬁned and identical particle size distribution
shapes for all fractions, simplifying the subsequent comparison of
media properties. Each fractionwas prepared using air dry particles.
3.2. Experimental setup
The experimental set-up consisted of a vertical 38 cm long,
25 cm inner diameter steel ventilation tube connected to a CUBU-
FAN 160 EC ventilation pump (Jenk, Brøndby Denmark). Air ﬂow
through the media was measured in the inlet to the pump using
a VA400 thermal mass ﬂow sensor, (CS instruments Tannheim Ger-
many) calibrated by the manufacturer. A nozzle for spraying irriga-
tion liquid was mounted 51 cm above the ﬁlter medium inlet
surface. The nozzle was fed with a mixture of liquid and pressur-
ized air in order to achieve adequate liquid distribution across
the inlet surface of the ﬁlter. Nozzle liquid was supplied by a Iwaki
Metering pump C30, (Iwaki pumps, Japan) connected to a supply of
both demineralized water (25 lS) and NaCl solution (30 g L1 -
 50,000 lS) via a 3-way valve enabling instant change of irriga-
tion liquid. The total volume of the tube leading from the valve
to the nozzle outlet was 63 mL. The measured breakthrough curves
were subsequently corrected for the time delay caused by this vol-
ume, assuming plug ﬂow in the tubes. The outlet liquid was col-
lected in a funnel and led through a ﬂow cell with a WTW
Tetracon

925 standard conductivity measuring cell connected to
a WTW Multi 3420 digital pH/D.O./conductivity meter logging
the conductivity every 30 s. The total liquid ﬁlled volume of the
outlet catchment system was 8 mL. The measured breakthrough
curves were subsequently corrected for the time delay caused by
this volume, assuming plug ﬂow. A schematic of the experimental
set-up is shown in Fig. 1.
3.3. Measurements
Prior to measurement of each breakthrough curve the NaCl
solution was prepared and used throughout the measurement.
Each particle size fraction was immersed in the NaCl solution for
5 min and drained for 1 min. This procedure was repeated twice
with the solution exchanged between the immersions to ensure
the inter-particle NaCl concentration was similar to the NaCl
solution.
After the 2nd drainage each individual particle size fraction was
packed to a height (L) of 30 cm in the ﬁlter column and irrigated
with the NaCl solution without air ﬂow for 30 min. The measure-
ments were initiated by switching the irrigation pump inlet to
clean water, starting the ﬁlter airﬂow and initiating the conductiv-
ity measurements at the ﬁlter outlet. This procedure was per-
formed to create a gravity equilibrated water saturation level in
all particle size fractions at the start of the measurements. Imme-
diately following initiation of the outlet conductivity measure-
ments outlet water ﬂow was measured by collecting the water
every minute and measuring the mass until stable ﬂow was ob-
served. Small initial variations in the outlet ﬂow occurred but the
ﬂow stabilized within 10 min after initiation of the measurements.
As the ﬂow variations were small and lasted only a very short time
compared to the total duration of the experiment, they were ig-
nored in the subsequent calculations. Prior to the termination of
the air and water ﬂow, three measurements of the outlet water
ﬂow were performed to verify that the ﬂow remained stable.
Breakthrough curves were measured at irrigation rates,
V = 3 cm h1 for all 21 particle size fractions and at V = 1, 2, 5, 8,
13 and 21 cm h1 for the 2–4 mm, 12–14 mm, 2–14 mm and 6–
10 mm particle size fractions (Table 2). This velocity span was cho-
sen as a tradeoff between simulating low trickling velocities and
being in-sensitive to the inlet gas humidity level. All measure-
ments were carried out in duplicate at room temperature.
All water draining from the ﬁlter immediately following termi-
nation of the air and water ﬂow was collected and both the drained
ﬁlter material and the collected water were weighed (Mwet and Md
respectively). After Mwet determination the ﬁlter material was im-
mersed into 11 L of demineralized water (25 lS) to dissolve any
salt residue present on the material and then air dried and weighed
(Mdry). These values were then used to calculate h as:
h ¼ Mwet þMd Mdry
filter volume
ð2Þ
Table 1
Values of a, b and K0 in (Eq. (1)) for dynamic (hdyn) and total (h) water holdups.
P a b K0 Study
hd 0.51 0.81 0 [30]
hd 1.3 (included in K1 and K0) –0, media speciﬁc [31]
hd 1/3 1/3 0 [32]
hd 0.565 0.695 0 [33,34]
h 0.11 0.03 0 [35]
Blower
Flow 
detector
Air outlet
NaCl
3 way valve
Clean
Conductivity 
meter
Water outlet
Pump
Fig. 1. Experimental set-up.
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and the residual salt mass (MR) at experiment termination as:
MR ¼ Mdq1W Cd þ VimwCimw ð3Þ
where Cd is the salt concentration in the drainage water, qw is the
drained water density (assumed 1 kg L), Vim-w is the volume of
immersion water (11 L) and Cim-w is the measured salt concentra-
tion in the immersion water.
Cumulative eluted salt mass from the ﬁlter as a function of time
during each experiment (ME) was calculated using the measured
water ﬂow rate and outlet salt concentrations.
ME ¼ QDt
Xi¼n
i¼1
Ci ð4Þ
where Q is the mean outlet water ﬂow, Dt is the time interval be-
tween measurements, n is the number of measurements conducted
up to time t and Ci is the ith measured outlet concentration. Total
initial salt mass (M0) in the ﬁlter was calculated as the sum of MR
and ME at the end of each experiment. Based on these data the
eluted quantile (q) ofM0 (ME/M0) at any given time (t) following ini-
tiation of the freshwater irrigation was determined.
3.4. Packed media characterization
Packed media dry bulk density (qb) for each particle size frac-
tion was determined based on Mdry and the packed ﬁlter bed
volume.
Total porosity was determined as:
U ¼ 1 ðqbq1p Þ ð5Þ
where qp is the solids density of the granite particles assumed equal
to 2.7 g cm3. An overview of the measured qb, and U of the granite
media is given in Table 2.
Estimates of at for the particle size fractions were calculated
assuming spherical particles as:
at ¼
6
Pn
1
1
dmi
 
n
qb
qp
ð6Þ
where dmi is the mean diameter of the ith (R = 2 mm) fraction and n
is the number of R = 2 mm fractions used to produce the particle
size fraction in question. As the particle shape of crushed granite
is quite variable, the spherical surface to volume ratio applied in
Eq. (6) is most likely not correct for the media used here. However,
the surface to volume ratio of spheres (6 (particle diameter)1) is
similar to the surface to volume ratio for various shapes including
cubes (6 (side length)1), tetrahedrons ((6
p
6) (side length)1) and
octahedrons ((3
p
6) (side length)1). The assumed speciﬁc surface
area based on spherical particle shape is therefore likely to be di-
rectly proportional to the true speciﬁc surface area of the media
assuming particle shapes across the media particle size fractions
to be equal.
3.5. Predictive model evaluation
Model prediction accuracy was quantiﬁed using the mean rela-
tive error (MRE), deﬁned as:
MRE ¼ 1
n
Xn
i¼1
AbsðMeasured PredictedÞ
Measured
 
ð7Þ
where n is the number of measured data points.
MRE was chosen as MRE weight all deviations according to their
relative size. This weighting of errors was chosen for the data of
this study as the temporal duration of the breakthrough curves
varied by a factor 20 due to differences in irrigation rate and med-
ium particle size distribution.
4. Results and discussion
Breakthrough curves for elution of salt from the ﬁlters are
shown for selected particle size distributions and irrigation rates
in Fig. 2. The efﬂuent salt concentration for all combinations of
media particle size fractions and irrigation rates (V) was observed
to decrease with time. The rate of decrease increased with increas-
ing values of dm and V. For media with R > 2 mm the rate of de-
crease in concentration with time generally exhibited
intermediate values compared to the rates of the decrease for the
R = 2 mm fractions used to produce the fraction in question.
This observation was further conﬁrmed when comparing the
time required for elution of 90% of the initial salt mass in the ﬁlter
(t90) for a given particle size fraction with the corresponding dm
and R as can be seen in Fig. 3 where t90 for an irrigation rate of
3 cm h1 is shown as a function of dm and R.
Table 2
Physical characteristics of the 21 granite particle size fractions with uniform particle
size distribution used in this study, in terms of: Particle size, dry bulk density (qb),
total porosity (U) and speciﬁc surface area (at).
Fraction (mm) qb (kg m3) U (m3 m3) at (m2 m3)
2–4 1472 0.45 1090
4–6 1622 0.40 721
6–8 1530 0.43 486
8–10 1538 0.43 380
10–12 1496 0.45 302
12–14 1507 0.44 258
2–6 1509 0.44 894
4–8 1516 0.44 578
6–10 1537 0.43 434
8–12 1507 0.44 338
10–14 1502 0.44 280
2–8 1507 0.44 755
4–10 1522 0.44 512
6–12 1518 0.44 388
8–14 1489 0.45 308
2–10 1510 0.44 660
4–12 1544 0.43 467
6–14 1544 0.43 362
2–12 1528 0.43 596
4–14 1558 0.42 431
2–14 1554 0.43 550
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Fig. 2. Relative efﬂuent salt concentration as a function of time during elution of
salt from selected ﬁlter media particle size distributions and irrigation rates.
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In Fig. 3 it is seen that t90 increases for increasing R and decreas-
ing dm, such that t90 of a fraction with R > 2 mm assumes an inter-
mediate value among the t90 values of the R = 2 mm fractions used
to produce it. Increasing t90 for increasing R means that although
t90 for R > 2 mm fractions are intermediates among the t90 values
for their constituting R = 2 mm fractions, t90 is more sensitive to
the smaller particles (having a high t90) present than to the large
particles (having lower t90). Similar observations were also made
for the time required to elude 10% (t10) and 50% (t50) of the initial
salt mass indicating that this is the case for the time (tq) to reach
any given elution quantile (q). Values of t10, t50 and t90 were further
observed to depend on irrigation rate as shown in Fig. 4 where
measured log (V)  log(tq) data for q = 10%, 50%, and 90% are plot-
ted for four different particle size fractions.
Log(t10), log(t50) and log(t90) decrease approximately linearly
with increasing log(V) with slopes of 0.93, 0.91 and 0.80
(log(tq) log(V)1) (R2 = 0.97, 0.98 and 0.95) respectively. The rela-
tionships indicate an almost hyperbolic relationship between tq
and V especially for lower q (tq  V1). This strongly indicates that
the volume of irrigation water (=Qtq) required to reach a given q is
almost independent of V at low q (q < 50%) while V is more impor-
tant at higher q. As tq is related to particle diameter it is also related
to the speciﬁc surface area of the medium, at. As numerous studies
have found a strong correlation between at and hdyn or h [30,32–
35], differences in h are likely the main cause of the variations in
tq across different particle size distributions. For a given q the cor-
responding number of eluted water ﬁlled pore volumes (Nq) can be
calculated as:
Nq ¼ VtqhL ð8Þ
where L is the ﬁlter length. Values of N10, N50 and N90 for all frac-
tions at V = 3 cm h1 and for the 2–4 mm, 12–14 mm, 6–10 mm
and 2–14 mm fractions at V = 1 cm h1 and 21 cm h1 are plotted
against at in Fig. 5.
It is seen that N10, N50 and to some extent also N90 are relatively
independent of both at and V with mean values of 0.10, 0.58, and
2.27 for N10, N50, and N90, respectively (Fig. 5). However N90
increases for increasing V, while no direct trend can be seen with
respect to at. This means that to elude 10%, 50% or 90% of salt, a
water volume corresponding to 10%, 58% and 227% of the water
ﬁlled pore volumes (WFPVs), must be eluded. The elution from 0
to 10% of salt, occurs at 1% salt eluted pr. 1%WFPV added. In con-
trast the elution from 50% to 90% of salt, occurs at 0.2% salt eluted
pr. 1%WFPV added. Thus the elution from 0 to 10% is much more
efﬁcient than the from 50% to 90%. This is in agreement with the
observations from Fig. 4 where the slopes of the log(V)  log(t10)
and log(V)  log(t50)) are close to 1 (a slope of 1 indicate inde-
pendency between Nq and V). This observation is somewhat in con-
trast to observations by Marcandelli et al. [36] who observed the
distribution of liquid perpendicular to the ﬂow direction to even
out at increasing V. However, although the horizontal mobile liquid
distribution (as described by Marcandelli et al. [36]) must be ex-
pected to be crucial for media tq, the horizontal distribution alone
is not enough to describe the total liquid distribution as it does not
12 
10 
8 
6 
4 
2 
dm (mm) 
R
 (m
m
)  
Fig. 3. t90 as a function of dm and R at an irrigation rate of 3 cm h1. Contours
indicate kriged values, black crosses indicate measured values and shaded regions
indicate extrapolation.
Fig. 4. Log(V)  log(tq) for four different particle size distributions.
Fig. 5. N10, N50 and N90 as a function of at (Eq. (6)). Dashed lines represent average
values of all observed N10, N50 or N90 values.
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include stagnant water. As ﬁlter beds contain both stagnant and
moving water [26,37] salt present in stagnant (or slowly moving)
water will not be removed in direct proportion to the speed of
the (fast) moving water. The main impact of water velocity is
therefore to be found in the velocity and volume of the moving
water phase. This hypothesis would state the main elution of a gi-
ven q to be directly proportional to the corresponding Nq as long as
the removed salt mass are to be found in the moving water phase
(affected by velocity). As the initially eluted salt mass must be
dominated by the salt mass present in the mobile volumes this
hypothesis corresponds well with the found N10 = 0.1. Once the
mobile water volume have been exchanged by freshwater, the
main source of eluted salt must be salt transported from the stag-
nant volumes to the mobile volumes, causing the outlet concentra-
tion to drop as it consist of freshwater spiked with salt from the
stagnant zones. In this case the elution of salt becomes less affected
by the velocity of the mobile water as the dominant parameter is
the transfer of mass from the stagnant to the moving water vol-
umes. As this phenomena must be dominating after irrigation of
one WFPV (all mobile water exchanged) this hypothesis is sup-
ported by the observation of N90 > 0.90 as well as the observed in-
crease in N90 at increasing V.
The ﬁlter holdup, h, depended on both at and V (Fig 6a and b).
This observation is in agreement with several studies [30,32–35]
who linked hdyn or h to at and V through power functions similar
to Eq. (1). Eq. (1) with K1 = 0.035, a = 0.11, b = 0.32 and K0 = 0
was found to describe h () as a function of at (m2 m3) and V
(m s1) well with a mean relative error (MRE) of 3% (Fig. 6a and
b). Choosing a K0– 0 reduced MRE by <0.01% and K0 was therefore
excluded from the modeling.
Based on the observed relatively constant Nq values and the cor-
relation between h, at and V, we suggest that tq as a function of at
and V is expressed as:
tq ¼ NqhV L ¼
NqK1V
aabt
V
L ð9Þ
Eq. (9) was found to describe the observed t10, t50 and t90 data well
with a MRE of 6%, 5% and 13%, respectively (Fig. 7).
Fig. 7 indicates that Eq. (9) may in fact be used to describe tq for
any value of V, q, at, h, and Nq across different particle size fractions.
As a ﬁrst step, an empirical expression for predicting Nq was
established based on the following reﬂections: a) Nq should be pro-
portional to q at low q and increase at higher q (obtained by the
(q + j1qj2). As the expression of Nq will be applied together with
the expression for h addition of a constant (K1N ), V
aN and abNt can
be done without increasing the total amount of aggregated empir-
ical parameters and Rcwas added as inhomogeneity is known to be
a parameter of impact regarding preferential ﬂow and thereby the
relationship between moving and stagnant volumes [38–40]. As
the effect of stagnant volumes are signiﬁcant only at higher q,
the R parameter was placed inside the brackets of the ﬁrst right-
side term of Eq. (10)).
Nq ¼ ðqþ j1qj2RcÞK1NVaN abNt ð10Þ
where j1 and j2 are empirical constants describing the relationship
between Nq and q, c describes the impact of R, aN the impact of V,
and bN the impact of at.
Combining Eqs. (9) and (10) yields:
tq ¼
ðqþ j1qj2RcÞÞK1NVaN abNt
 
ðK1Vaabt Þ
V
L or simply
:
ðqþ j1qj2RcÞK 01Va
0
ab
0
t
 
V
L ð11Þ
where K 01 ¼ K1K1R; a0 ¼ aþ aR and b0 ¼ bþ bR:
To test Eq. (11) q and corresponding tq values were calculated
from each efﬂuent concentration measurement considering all par-
ticle size fractions and irrigation rates (a total of 18,370 data
points). Eq. (11) was then ﬁtted to these data using with j1, j2,
c, K 01, a0 and b0 as ﬁtting parameters while minimizing the MRE
for all data combined. Resulting values of the model constants
were j1 = 9.7, j2 = 5.75, c = 0.28, K 01 = 0.072, a0 = 0.13 and
b0 = 0.25 (corresponding to K1N = 2.1, aN = 0.016 and bN = 0.075).
With these parameter values, the model was found to describe
the measured data well with a MRE of 9.0% (Fig. 8). In addition
the robustness of Eq. (11) was tested by excluding one parameter
at a time (V in the denominator was not removed as this parameter
is not included in the original empirical equations for h and Nq, see
Eq. (9)). This was done by ﬁtting Eq. (11) with one of the following
ﬁxed constants: j1 = 1, j2 = 0, c = 0, K 01 = 1, a0 = 0 and b0 = 0. Result-
ing MRE were then: 11%(j1 = 1), 28%(j2 = 0), 13%(c = 0),
13%(K 01 = 1), 12%(a0 = 0) and 10% (b0 = 0).
The positive value of c given above indicates that Nq increases
for increasing R. This correlation could be caused by stagnant/
semi-stagnant liquid volumes created by an increased variety of
pore sizes. Large pore size variation is known to facilitate preferen-
tial ﬂow in the macropores even as ﬁlm ﬂow at unsaturated condi-
tions [38–40]. It is therefore likely that the presence of preferential
ﬂow causes a smaller part of the possible pathway area (consti-
tuted by at) to conduct a relatively large fraction of the total water
ﬂow and thereby bypassing/establishing stagnant/semi-stagnant
zones. However, it should be noted that as other studies have
found macropore ﬂow to affect solute transport only at saturated
Fig. 6. (a) h as a function of at for all 21 particle size fractions used in this study at V = 3 cm h1. (b) h as a function of V for the 2–4 mm, 2–14 mm, 6–10 mm and 12–14 mm
particle size fractions. Numbers in brackets indicate at for the fractions and solid lines represents Eq. (1) with K1 = 0.035, a = 0.11, b = 0.32 and K0 = 0.
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conditions [41], the direct effect of pore size could be questioned.
Another explanation could be found in the correlation between
the quantity of stagnant water and the number of particles present,
as inter particle contact points are known to create static liquid
menisci [42] and thereby increase the volumetric static water frac-
tion. An increased R could also be assumed to affect the elution
through an increased at as a
1=3
t have been found directly propor-
tional to the static water holdup (hst) in packed bed reactor studies
[32]. Increasing at resulted in decreasing Nq as reﬂected in the neg-
ative value of bN. The reason could be that the stagnant water con-
tent is controlled by the number of particles present and the
heterogeneity of the media while the total (including the mobile)
water content is more dependent on at. Higher at therefore means
that a larger fraction of the water present in the ﬁlter is mobile
which means that a given q is reached in a shorter time yielding
a lower Nq. However as the at–Nq relationship observed in this
study was observed over a relatively small range of at’s a veriﬁca-
tion of this trend should be based on a wider range of at’s. In addi-
tion it should be noted that the term mobile and stagnant water in
this study is a relative term applied to describe the observed effect
of various water ﬁlm velocities in the inter-particle pores. Hence, a
high Nq is in reality caused by a wide volumetric water ﬂow veloc-
ity distribution causing great variety between the fastest ﬂowing
and slowest ﬂowing water volumes, rather than the presence of
true immobile water.
Finally the positive although small value of aN supports the pre-
viously discussed (in connection with Fig. 5) effect of V on tq at
higher q. This means that it is possible to calculate tq in a known
bioﬁlter medium for any q based on a six empirical constants
relating Nq to media characteristics as well as bioﬁlter operation
conditions. It should further be noted that both tq and Nq decrease
for decreasing R. This suggests that a better removal of metabolites
will occur when using materials with a narrow particle size distri-
bution. The most optimal would be to use media consisting of uni-
formly sized particles, which besides ensuring optimal water
utilization also is known to reduce bioﬁlter pressure drop, a crucial
parameter for the bioﬁlter operation cost [43]. As increasing V sim-
ilar decrease tq but increase Nq increasing V can be applied to re-
duce tq. However as increasing V also decrease the water
effectiveness (elution/water volume), this should be done with
caution.
To apply knowledge of media tq distribution to full-scale bioﬁl-
ters, biomass activity as a function of surface water residence time
should be known. Assuming q to be proportional to the quantile of
speciﬁc surface with a replaced water phase, the tq distribution be-
comes equal to the residence time distribution of the complete
media speciﬁc surface area, (in contrast to traditional RTD). Know-
ing this distribution and the equivalent biomass activity will en-
able engineers and researchers to calculate an activity coefﬁcient
stating how active the media speciﬁc surface area will be as related
to its S-RTD. This can then be used to select the appropriate level of
irrigation for a given ﬁlter material. It should further be noticed
that the presence of bioﬁlm probably will alter the results gained
in this study as these are based on clean media. Based on the pro-
cedure presented in this paper, new S-RTD describing constants for
media with biomass could be determined. However as bioﬁlm is a
water accessible medium, the presence of bioﬁlm will produce
stagnant water accessible volumes beneath surfaces with a newly
exchanged water ﬁlm. This means that the presence of bioﬁlm will
increase tq even if the true speciﬁc surface area related water
retention time remains unchanged.
5. Conclusion
In this study the elution of contaminant from irrigated reactors
(such as biotrickling ﬁlters) were investigated using solid granite
particles of 2–14 mm of diameter. Elution was measured based
on freshwater breakthrough curves through salt water soaked por-
ous ﬁlter media. Measurements were carried out for media of 21
different particle size distributions and at seven velocities. Elution
time, deﬁned as the time for a given fraction (quantile) of the initial
salt mass to be eluted (tq), was found proportional to the elution
quantile, irrigation velocity, hydraulic holdup, speciﬁc surface area,
and particle size range for the medium. It was further noticed that
the total irrigated liquid volume to reach a given elution quantile
was almost constant for elution quantiles below 50% regardless
of particle size distribution and irrigation velocity. A predictive
model based on these observations were proposed and found to
ﬁt all data (18370 tq data points) well with a mean relative error
Fig. 7. 1:1 plots of observed versus predicted t10 (a) t50 (b) and t90 (c) using Eq. (9) with K1 = 0.035, a = 0.11, b = 0.32 (Fig. 6) and N10, NR50, and N90 equal to their observed
average (0.10, 0.58 and 2.27, respectively, (Fig. 5)).
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Fig. 8. Measured and predicted (Eq. (11)) values of tq for all measured breakthrough
data across all particle size fractions and irrigation rates (18,370 data points).
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of 9.0% based on six empirical parameters. The most optimal med-
ium was found to be consisting of uniformly sized particles.
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